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20.  ABSTRACT  (continued) 

for  a  gamma- ray  laser  poses  problems  of  a  broad  interdisciplinary 
nature  requiring  the  fusion  of  concepts  taken  from  relatively 
unrelated  fields  of  physics.  "Our  research  group  has  described 
several  means  through  which  this' energy  might  be  coupled  to  the 
radiation  fields  with  cross  sections  for  stimulated  emission  that 
could  reach  10‘17  cm2.  Such  a  stimulated  release  could  lead  to 
output  powers  as  great  as  3  x  1021  Watts/liter.  ^  Since  1978  we 
have  pursued  an  approach  for  the  upconversion  of  longer  wavelength 
radiation  incident  upon  isomeric  nuclear  populations  that  can 
avoid  many  of  the  difficulties  encountered  with  traditional 
concepts  of  single  photon  pumping.  Recent  experiments  have 
confirmed  the  general  feasibility  and  have  indicated  that  a 
gamma-ray  laser  is  feasible  if  the  right  combination  of  gy 
levels  and  branching  ratios  exists  in  some  real  material.  Of  the 
1,886  distinguishable  nuclear  materials,  the  present  state-of-the- 
art  has  been  adequate  to  identify  29  first-class  candidates,  but 
further  evaluation  cannot  proceed  without  remeasurements  of 
nuclear  properties  with  higher  precision.  -*A  laser-grade  database 
of  nuclear  properties  does  not  yet  exist,  but  the  techniques  for 
constructing  one  have  been  developed  under  this  contract  and  are 
now  being  utilized.  — jtesolution  of  the  question  of  the  feasibi  lity 
of  a  gamma- ray  laser  ndw  rests  upon  the  determination  of:  1)  the 
identity  of  the  best  candidate,  2)  the  threshold  level  of  laser 
output,  and  3)  the  upcohversion  driver  for  that  material. 

This  quarter's  report  focuses  upon  the  continued  success 
enjoyed  along  the  approach  to  the  gamma-ray  laser  that  depends 
upon  incoherent  pumping.  This  nuclear  analog  of  the  ruby  laser 
embodies  the  simplest  concept  for  a  gamma-ray  laser  and  it  is  not 
surprising  that  the  greatest  rate  of  achievement  toward  a  sub-Ang- 
strom  laser  has  continued  in  that  direction.  Emphasis  has  re¬ 
mained  upon  the  systematics  of  the  discovery  of  giant  pumping 
resonances  that  enabled  us  to  dump  populations  of  the  only  avail¬ 
able  sample  of  the  29  candidates,  ^Ta"1,  through  a  cross  section 
that  was  10,000  times  more  favorable  than  even  the  most  optimistic 
estimates.  The  lessons  taught  by  that  major  milestone  have  been 
extended  throughout  the  region  of  mass -180  nuclides.  Reported 
this  quarter  is  success  in  pumping  the  difficult  isotope,  176Lu, 
to  find  an  enormous  integrated  cross  section  of  4.1  x  10'22  cm2  eV 
for  the  reaction  176Lu(7,7' )176Lum.  This  result  effectively  com¬ 
pletes  the  validation  of  the  systematics  for  the  occurrence  of 
these  giant  pumping  resonances  in  the  mass -180  region  bounded  by 
167Er  and  191  Ir.  Only  one  nucleus  in  this  region  has  been  found  to 
have  an  isomer  of  detectable  lifetime  and  no  giant  resonance  for 
pumping  it.  The  significance  of  this  result  is  that  some  of  the 
better  candidates  for  a  gamma -ray  laser  lie  in  this  mass  region. 
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PREFACE 


Emphasis  this  quarter  returns  to  the  successes  enjoyed  along  the 
approach  to  the  gamma- ray  laser  that  depends  upon  incoherent  pumping. 
There  is  embodied  the  very  simplest  concept  for  a  gamma-ray  laser  and  it 
is  no  surprise  that  the  greatest  rate  of  achievement  has  continued  in 
that  direction. 

Receiving  first  attention  is  a  report  of  continued  success  in 
extending  the  lessons  taught  by  1S0Tam  throughout  the  A  -  180  mass  region 
where  lie  some  of  the  better  of  the  29  candidate  materials  for  a 
gauana-ray  laser.  Last  year  we  reported  the  giant  resonance  for  the 
dumping  of  the  180Tam  isomer  by  pumping  samples  with  flash  x-rays  of 
relatively  modest  intensities  in  a  scheme  which  is  the  nuclear  analog  of 
the  ruby  laser.  This  particular  material,  the  worst  of  the  29  actual 
candidates,  showed  what  was  at  that  time  the  largest  integrated  cross 
section  ever  reported  for  interband  transfer  in  any  nuclear  material,  4 
x  10'22  cm2  eV.  This  is  an  enormous  value  for  bandwidth  funneling  to  a 
fluorescent  level,  corresponding  to  about  0.5  eV  of  useful  width  for  the 
absorption  of  the  pump  x-rays.  Subsequent  studies  showed  that  these 
giant  pumping  resonances  occurred  with  a  gratifying  frequency  throughout 
the  table  of  nuclides.  However,  the  very  largest  values  of  integrated 
cross  section  were  found  to  be  concentrated  in  the  mass -180  region 
bounded  by  167Er  and  191Ir.  Only  one  nucleus  in  Chis  region  has  been 
found  to  have  an  isomer  of  detectable  lifetime  and  no  giant  resonance 
for  pumping  it. 

This  quarter  we  present  further  confirmation  of  favorable  systemat- 
ics  in  the  180  region  with  the  report  of  an  integrated  cross  section  of 
4.1  x  10-22  cm2  eV  for  the  reaction  176Lu(7 , 7 ' )  17^Lum.  A  particularly 
difficult  species,  this  material  had  not  been  previously  attempted  in 
our  project  and  the  success  reported  here  is  particularly  welcome  in 
providing  systematic  completeness.  As  usual  with  these  experiments,  no 
significant  contributions  were  made  by  spurious  neutrons  evaporated  from 
environmental  materials. 

The  nuclide  176Lu  has  astrophysical  significance,  as  well,  and  the 
importance  of  the  giant  pumping  resonance  to  those  concerns  is  reported 
in  a  separate  section  as  a  matter  of  interest. 

Finally,  in  this  report  is  discussed  our  continued  progress  in 
extending  the  technologies  we  introduced  for  the  calibration  of  intense 
bremsstrahlung  sources  to  machines  with  end  point  energies  above  1.5 
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MeV.  Then  follows  a  study  of  the  utility  of  the  Compton  scattering  of 
bremsstrahlung  pulses  in  order  to  produce  source  spectra  with  variable 
end  point  energies. 

As  has  been  the  case  since  1982,  there  are  still  no  known  factors 
which  inhibit  the  realization  of  a  gamma- ray  laser.  Neither  the  level 
of  pump  fluence  required  for  laser  threshold  nor  the  waste  heat  to 
reject  presents  any  particular  problem  in  idealized  materials.  A 
gamma  -  ray  laser  is  feasible  if  the  right  combination  of  energy  levels 
occurs  in  some  real  material .  When  actually  tested,  the  two  poorest  of 
the  29  candidate  nuclei  did  surprisingly  well,  performing  1,000  to 
10,000  times  better  than  expected.  The  overriding  question  in  resolving 
the  feasibility  of  the  nuclear  analog  to  the  ruby  laser  is  whether  or 
not  one  of  the  better  of  the  29  has  its  isomeric  level  in  a  position 
sufficiently  near  the  ideal. 

Continuing  the  preparation  of  this  report  as  an  "in-house"  journal, 
this  series  presents  material  to  reflect  the  individual  contributions  of 
the  teams  of  research  faculty  and  graduate  students  involved  in  these 
phases  of  the  research.  In  this  regard,  I  wish  to  thank  all  our  staff 
for  their  splendid  efforts  in  supporting  the  preparation  of  these 
manuscripts  to  a  rather  demanding  timetable. 


■  C.  B.  Collins 

■  Director 

■  Center  for  Quantum  Electronics 
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by  J.  A.  Anderson,  K.  N.  Taylor,  J.  J.  Carroll,  M.  J.  Byrd,  and 
C.  B.  Collins 

Center  for  Quantum  Electronics,  University  of  Texas  at  Dallas 
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University  of  Texas  Southwestern  Medical  Center 


Introduction 


The  isomer  176Lum  is  of  intrinsic  interest  in  nuclear  photoactiva¬ 
tion  studies  because  of  its  proximity  in  the  chart  of  nuclides  to  other 
isomeric  nuclei,  such  as  167Er,  179Hf,  180Ta,  and  191Ir,  which  have  been 
found1  to  manifest  very  large  (7,7')  cross  sections  in  the  range 
below  6  MeV.  The  mechanisms  for  populating  the  isomeric  state  in  this 
nuclide  are  also  of  interest  for  astrophysical  applications,  since  the 
long  half-life  of  the  ground  state  176Lu  (3.6  x  1010  y)  makes  it  a 
candidate  for  use  as  an  astrophysical  chronometer.  Several  investiga- 
tors5,6,7  have  recently  studied  it  for  this  purpose.  However,  the 
existence  of  the  relatively  short-lived  isomeric  state  176Lum  (E  -  126 
keV,  T1/2  "  3.68  h)  ,  which  beta  decays  to  form  176Hf,  complicates  this 
scheme.  Because  of  this  state,  photoexcitation  of  the  isomer  could 
prematurely  bleed  away  the  ground  state  population  and  invalidate  the 
operation  of  the  chronometer.  The  work  described  here  is  concerned  with 
determining  the  size  of  the  transfer  cross  section  for  the  reaction 
176Lu(7 , 7 ' )  176Lum  by  using  a  bremsstrahlung  source  with  a  fixed  endpoint 
near  6  MeV.  A  separate  paper8  considers  the  astrophysical  implications 
of  these  experiments. 

Because  of  the  very  narrow  linewidths  associated  with  long-lived, 
isomeric  nuclear  states,  the  cross  sections  for  directly  exciting  these 
states  by  photoabsorption  are  quite  small.  However,  the  cross  sections 
for  isomeric  excitation  via  a  cascade  from  higher-lying  intermediate 
states  can  be  many  orders  ot  magnitude  greater  than  those  for  the  direct 
process.  This  mechanism  has  previously  been  discussed  in  Refs.  1-4. 
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The  resulting  total  activation, 
described  by 
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where  NT  is  the  number  of  target  nuclei  in  the  sample,  the  quantity  in 
square  brackets  is  the  effective  integrated  cross  section  for  transfer 
through  the  ith  gateway  state,  $,•  is  the  time- integrated,  incident 
photon  flux  at  the  energy  E,-  of  the  ith  gateway,  and  the  summation  is 
taken  over  all  accessible  gateways.  The  terms  appearing  in  the  inte¬ 
grated  cross  section  are  the  Breit-Wigner  cross  section,  aQ,  the  width 
of  the  resonance,  T,  and  the  branching  ratios  from  the  gateway  state  to 
the  ground  and  excited  states,  ba  and  b0.  The  units  of  the  integrated 
transfer  cross  section  are  cm2-keV;  the  units  for  the  time- integrated 
photon  flux  are  photons/(cm2-keV) . 

For  the  case  of  176Lum,  at  least  one  intermediate  gateway  state  has 
been  observed  by  Norman  et  al.5  in  the  energy  range  between  661  keV  and 
1332  ke’i'.  In  that  work,  lutetium  samples  were  exposed  to  radiation  from 
medical  irradiation  machines  using  both  137Cs  and  ^Co  sources.  They 
found  that  the  isomeric  level  was  photoactivated  slightly  by  the  60Co 
source  (Emax  -  1332  keV)  ,  but  not  by  the  137Cs  source  (E^*  -  662  keV)  . 
Because  of  the  extended  nature  of  the  source  and  shielding  configura¬ 
tions  in  these  devices,  the  gamma  - ray  spectra  in  such  cases  are  not 
simple  line  spectra,  but  show  broad  continua  on  the  low  energy  side  of 
the  line(s)  due  to  the  radiation  transport  process.9  Unfortunately, 
Norman  et  al.  did  not  use  the  real  spectral  distribution  from  the 
irradiation  source.  Moreover,  they  analyzed  their  results  as  if  the 
photoabsorption  process  were  a  bound- free  transition  with  a  threshold 
rather  than  treating  the  case  of  bound-bound  transitions  that  would 
actually  hold  in  this  energy  range.  Without  an  accurate  knowledge  of 
the  spectral  intensity  function  for  the  irradiation  source  and  of  the 
energy  of  the  gateway  state,  it  is  not  possible  to  determine  the 
integrated  cross  section  for  transfer  into  the  isomeric  state. 

The  study  described  here  has  approached  the  source  definition 
problem  by  using  a  relatively  well  characterized  bremsstrahlung 
source,10  the  Varian  CLINAC  1800  operated  in  the  6  MeV  mode.  The 
spectrum  from  this  device  is  shown  in  Fig.  1.  By  measuring  the  total 
activation  obtained  during  an  exposure  and  employing  the  relative 
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intensity  information  contained  in  Fig.  1,  it  is  possible  to  generate  a 
plot  of  integrated  cross  section  as  a  funtion  of  tne  energy  assumed  for 
a  single  gateway.  The  results  of  the  current  study  are  presented  in 
this  form. 


Figure  1:  Spectral  intensity  for  the 
Varian  CLINAC  1800  operated  in  the  6  MeV 
mode.  The  curve  has  been  normalized  to 
represent  a  single  incident  photon.  Ac¬ 
tual  photon  fluxes  were  obtained  from 
this  information  by  dividing  the  mea¬ 
sured  dose  by  the  dose- per- photon  cal¬ 
culated  on  the  basis  of  this  intensity 
distribution . 


Detection  of  the  isomeric  state  176Lum  once  it  has  been  created 
presents  some  difficulties.  A  partial  energy  level  diagram11  showing 
176Lum  and  its  beta-decay  daughter  product,  176Hf,  is  shown  in  Fig.  2. 
The  long-lived  ground  state  decays  principally  (99.1%)  to  the  state 
lying  at  597  keV  in  176Hf.  The  characteristic  signature  of  this  decay  is 
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a  beta-particle  with  an  endpoint  of  565  keV  and  major  gamma  rays  at  88.4 
keV  (13.1%  intensity),  201.9  keV  (84%),  and  306.9  keV  (93%).  Photoexci¬ 
tation  of  the  isomer  is  indicated  as  proceeding  through  an  as  yet 
uncharacterized  intermediate  state.  The  isomer  decays  wholly  by  beta 
decay,  with  39.6%  of  the  decays  terminating  on  the  ground  state  in  176Hf 
and  having  a  beta  decay  endpoint  energy  of  1313  keV.  The  other  60.4%  of 
the  decays  terminate  on  the  176Hf  state  at  88.4  keV,  have  an  endpoint 
energy  of  1225  keV,  and  are  accompanied  by  several  low  intensity  gamma 
rays.  The  most  prominent  of  these  gamma  rays  is  the  88.4  keV  line, 
which  has  an  intensity  of  8.9%.  Thus,  detection  schemes  for  the  isomer 
which  are  based  on  gamma-ray  counting  must  utilize  the  88.4  keV  line, 
which  suffers  strong  interference  from  the  ground  state  176Lu  decay. 


Figure  2:  Energy  level  diagram  for  176Iu,  showing  the 
beta  decay  of  the  isomeric  state  to  176tff.  The  advantage 
of  the  Cerenkov  detection  scheme  used  in  this  work  is 
that  the  beta  particles  from  decay  of  the  isomeric  state 
can  be  cleanly  separated  from  chose  resulting  from  decay 
of  the  ground  state. 


An  alternative  approach  to  gamma- ray  counting  is  to  directly  detect 
the  beta  particles  emitted  during  the  decay  process.  This  can  be  done 
either  by  standard  liquid  scintillation  counting,  or,  because  of  the 
high  end-point  energy  of  the  decay,  by  counting  Cerenkov  photons 
generated  by  the  passage  of  the  beta  particles  through  the  sample 
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solvent.  Both  processes  offer  high  net  efficiencies  compared  to  the 
gamma -ray  counting  technique,  but  the  Cerenkov  method  has  the  additional 
advantage  of  being  relatively  insensitive  to  interference  from  the  lower 
energy  beta  particles  emitted  by  the  decay  of  the  ground  state.  The 
threshold  for  production  of  Cerenkov  radiation  by  beta  particles  passing 
through  a  medium  is  given  by12 

Eth  -  m0c2{-l  +  [ n2/ (n2- 1)  ] 1/2 }  ,  (2) 

where  n  is  the  index  of  refraction  of  the  medium  and  mcc2  is  the  511  keV 
rest  mass  energy  of  the  electron.  Thus,  for  water  (n  -  1.33)  no 
Cerenkov  radiation  will  be  emitted  for  electrons  with  energies  less  than 
about  260  keV.  Above  threshold,  the  efficiency  for  the  production  of 
Cerenkov  photons  in  water  rises  steeply,  being  about  eight  times  greater 
at  1000  keV  than  it  is  at  500  keV.13  The  net  result  of  these  two 
effects  is  to  make  the  Cerenkov  detector  almost  blind  to  the  steady 
background  generated  by  the  decay  of  the  176Lu  ground  state.  Since  the 
Cerenkov  process  causes  many  photons  to  be  emitted  as  the  electron  is 
slowed  down,  background  contributions  due  to  photomultiplier  noise  can 
also  be  suppressed  by  using  a  coincidence  counting  technique. 
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Experimental  Detail 


The  samples  used  for  this  work  consisted  of  a  nominal  5  grams  of 
lutetium  chloride  (LuClj'S^O)  dissolved  in  water  to  produce  approxi¬ 
mately  20  ml  of  solution.  Table  I  lists  sample  weights  and  other 
pertinent  parameters.  Samples  were  held  in  standard  20  ml  polyethylene 
scintillation  vials  obtained  from  Research  Products  Incorporated. 


Table  I:  Sample  parameters  for  the  Cerenkov  counter  experiments.  NT  is 
the  number  of  target  176Lu  nuclei  in  the  sample.  The  natural  abundance 
of  176Lu  was  taken  to  be  2.59%14. 


Sample  ID 

Mass,  LuClv(6H20) 

[g] 

nt 

I 

4.993 

2.00  x  1020 

III 

4.971. 

1.99  x  1020 

A  simple  coincidence  counter  was  constructed  using  two  RCA  8850 
photomultipliers  mounted  on  a  common  axis  in  E.  G.  &  G.  9201  tube  bases. 
A  special  lightproof  fixture  held  the  scintillation  vials  centered 
between  the  two  photomultipliers.  The  fast  (approximately  6  ns)  outputs 
from  these  tubes  were  amplified,  time  synchronized,  and  input  to  a 
discriminator  in  order  to  produce  logic  pulses  which  could  drive  a  150 
MHz  logic  unit  (Phillips  Model  755)  .  The  output  from  the  logic  unit 
could  be  accumulated  on  either  a  simple  counter  or  a  multichannel  scaler 
(MCS) .  A  schematic  diagram  of  the  data  acquisition  system  is  shown  in 
Fig.  3. 
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Figure  3:  Data  acquisition  sys¬ 
tem  for  the  Cerenkov  counter  used 
in  this  work.  Coincidence  cir¬ 
cuitry  was  used  to  suppress  dark 
noise  in  the  photomultipliers 
since  counting  rates  in  the  ex¬ 
periment  were  less  than  10 
counts/s . 


Because  the  efficiency  of  a  Cerenkov  counter  varies  strongly  with 
the  endpoint  energy  of  the  beta  decay  being  monitored,  it  is  necessary 
to  use  a  calibration  standard  having  essentially  the  same  endpoint  as 
the  nuclide  to  be  counted.  As  noted  above,  the  endpoints  of  the  beta 
decay  channels  from  the  isomer  are  1225  keV  and  1313  keV ,  with  a 
weighted  average  of  1260  keV.  Naturally  occurring  radioactive  *°K  has  a 
beta  endpoint  energy  of  1330  keV,  and  for  reasons  of  convenience  was 
chosen  as  the  calibration  standard  for  this  work.  Calibration  standards 
with  nominal  amounts  of  1,  2,  3,  4,  and  5  grams  of  KC1  dissolved  in 
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water  to  make  20  ml  of  sample  were  prepared  and  were  placed  in  counting 
vials.  These  vials  were  counted  before  each  run  to  determine  the 
detector  efficiency  for  the  particular  choice  of  discriminator  settings, 
PMT  voltages,  etc.  used  in  a  given  experiment.  The  net  counting 
efficiency  was  found  to  lie  in  the  range  10.3-13.6%. 

Three  different  sample  exposures,  each  of  about  40  minutes,  were 
made.  The  samples  were  oriented  with  the  cylindrical  axis  of  the  sample 
vial  perpendicular  to  the  x-ray  beam  axis.  The  vials  were  located  63.7 
cm  from  the  x-ray  converter.  At  this  position,  the  total  dose  delivered 
to  the  sample  was  about  44.2  kRad  during  a  40  minute  exposure.  Table  II 
lists  the  exposure  times,  sample  identifications,  and  counting  times 
for  the  different  exposures . 


Table  II:  Exposure  and  counting  conditions  for  176Lum  excitation. 
Transit  time  is  the  time  elapsed  between  the  end  of  the  irradiation  and 
the  start  of  the  counting  measurement.  Effective  dwell  time  is  the 
dwell  time  obtained  after  collapsing  the  number  of  channels  in  the  MCS 
spectrum;  the  actual  MCS  dwell  time  was  typically  40  s. 


Exposure 

Sample  ID 

Exposure 

Time 

[s] 

Transit 

Time 

[s] 

Effective 
Dwell  Time 
[s] 

1 

I 

2805 

2955 

320 

2 

I 

2400 

3165 

320 

3 

III 

1799 

3315 

320 

Analysis 


In  the  first  experiment,  a  significant  amount  of  activation  was 
observed  following  the  irradiation,  as  shown  in  the  multichannel 
spectrum  of  Fig.  4.  As  can  be  seen  from  the  figure,  the  principal  decay 
component  observed  has  a  half-life  of  3.83  ±  0.05  h,  in  reasonable 
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agreement  with  the  accepted  value  of  3.68  h  for  176Lum.  This  value  was 
obtained  by  fitting  a  line  to  the  log  of  the  number  of  counts  per 
channel,  after  correction  for  background,  for  data  between  t  -  20070  s 
and  t  -  60070  s.  Here,  t  is  the  time  elapsed  after  the  end  of  the 
irradiation. 


cu 

c 

c 

□ 

-C 

u 

if) 

c 

o 
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Figure  4:  Decay  spectrum  for  trial  1.  Here,  and  in  Figs.  5 
and  6,  the  number  of  background- corrected  counts  per  channel 
of  the  multichannel  scaler  are  plotted  vs.  the  time  since  the 
end  of  the  irradiation.  The  spectrum  shows  the  superposition 
of  the  176Lum  decay  and  the  thermo  luminescence  decay  from  the 
polyethylene  bottle.  The  line  fitted  to  the  data  corresponds 
to  a  half-life  of  3.83  h. 
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A  second  component  with  a  faster  decay  is  also  clearly  present  at 
early  times  in  the  MCS  spectrum  of  Fig.  4.  Subsequent  experiments  in 
which  the  bottle,  the  fluid,  and  the  bottle  cap  were  separately  counted 
identified  the  source  of  this  fast  component  as  count-rate  generated 
coincidences  from  single-photon  thermoluminescence  phenomena  arising  in 
the  polyethylene  bottle.  In  these  secondary  experiments,  a  sample  was 
irradiated  and  then  broken  apart  into  its  components  (cap,  bottle, 
fluid).  From  these  components  and  from  pristine,  non- irradiated  parts, 
three  samples,  which  were  identical  except  for  the  choice  of  the 
irradiated  component,  were  created.  These  samples  were  then  counted  to 
unambiguously  identify  the  source  of  the  fast  decay  component.  It  was 
found  that  the  phenomena  was  present  regardless  of  whether  the  fluid  was 
the  LuClj  solution  or  pure  water.  Examination  of  the  count -rates  from 
the  individual  photomultipliers  indicated  that  the  fast  component  was 
due  to  accidental  coincidences  between  independent,  random  events 
occurring  on  the  two  detector  channels  when  the  irradiated  polyethylene 
bottle  was  counted.  Further  experiments  demonstrated  that  the  fast 
decay  component  could  be  either  "stored"  by  cooling  the  bottle  with 
liquid  nitrogen  or  quenched  by  heating  the  bottle,  thus  identifying  the 
process  as  some  type  of  radiation- induced  thermoluminescence. 

A  second  run,  made  after  the  fast  decay  component  had  been  identi¬ 
fied  and  steps  were  taken  to  remove  it,  yielded  a  half-life  value  of 
3.58  ±  0.05  h  for  the  lutetium  activation.  The  data  between  t  -  3325  s 
and  t  -  32125  s  were  fit  to  obtain  this  result.  These  data  are  shown  in 
Fig.  5.  However,  the  intensity  of  the  observed  Cerenkov  radiation  was 
much  less  in  this  second  case.  This  decrease  in  intensity  was  traced  to 
the  deterioration  of  the  cap  on  the  scintillation  vial  and  an  attendant 
buildup  of  readily  visible  debris  suspended  in  the  lutetium  solution.  A 
third  and  final  run  made  with  a  freshly  prepared  sample  is  shown  in  Fig. 
6.  It  yielded  a  value  of  3.57  ±  0.04  h  for  the  half-life  when  a  fit  was 
made  to  the  data  between  t  -  3795  s  and  t  -  60115  s.  The  average  value 
for  the  half-life  obtained  from  these  experiments  is  therefore  3.66  ± 
0.08  h,  in  good  agreement  with  the  literature  value. 
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Figure  5:  Decay  spectrum  for  trial  2.  The  thermoluminescence 
contribution  was  removed  by  quenching  the  bottle  in  hot  water 
before  counting .  The  reduced  intensity  of  this  data  set 
compared  to  Trials  1  and  3  was  traced  to  suspended  debris  in 
the  counting  solution.  The  line  fitted  to  the  curve  corre¬ 
sponds  to  a  half-life  of  3.58  h. 
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Figure  6:  Decay  spectrum  for  trial  3.  The  thermoluminescence 
contribution  was  removed  by  transferring  the  counting  solution 
to  an  unirradiated  bottle.  The  half-life  of  the  fitted  curve 
is  3.57  h. 


The  fits  Co  the  experimental  data  for  the  number  of  net  counts  in  a 
channel,  C,  were  of  the  form 

C  -  (Cob,  -  W  -  C0e-«  ,  (3) 

where  Cobs  is  the  number  of  counts  observed  in  a  channel  of  the  multi¬ 
channel  scaler  spectrum  and  C^g  is  the  number  of  counts  in  the  channel 
due  to  background.  In  Eq.  (3),  the  number  of  counts  per  channel 
immediately  after  the  irradiation,  C0,  and  the  decay  constant,  k,  are 
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the  fitted  parameters.  The  decay  constant  is  related  to  the  half-life, 
T1/2,  by  A  -  ln(2)/T1/2.  The  net  activity,  A0,  for  the  sample  at  the  end 
of  the  irradiation  can  then  be  obtained  from 


Ao 


C0 

»?ftd 


(4) 


where  rj  is  the  efficiency  of  the  counter,  f  is  the  branching  ratio  for 
the  beta  decay  (100%  in  this  case)  ,  and  td  is  the  dwell  time  for  the  MCS 
spectrum.  By  using  the  general  relationship  between  the  activity  of  a 
sample  and  the  number  of  radioactive  nuclei  in  it,  one  can  calculate  the 
number  of  excited  nuclei  in  the  sample  at  the  end  of  the  irradiation, 
Ne>0,  from 


N 


e.o 


(5) 


Finally,  the  total  number  of  excitations  induced  by  the  exposure, 
Ne,  will  be  somewhat  larger  than  this  because  of  decays  which  occurred 
during  the  irradiation.  The  correction  takes  the  form 


Ne  -  Ne#0  x 


Ate 


(l-e'<AV) 


(6) 


where  te  is  the  exposure  period. 

The  integrated  cross  section,  oT,  is  related  to  the  number  of 
excited  nuclei  by 


Ne 

ar  -  -  ,  (7) 

NT*(E)te 

where  NT  is  the  number  of  target  nuclei  in  the  sample  and  <£(E)  is  the 
photon  flux,  expressed  in  photons/(cm2-keV-s)  at  the  energy  of  the 
gateway  state.  In  this  expression,  ^(E)te  has  replaced  the  integrated 
photon  flux  $  appearing  in  Eq.  (1).  As  noted  above,  the  energy  of  the 
gateway  state  (or  states)  is  unknown  in  this  case.  Therefore,  a  single 
gateway  will  be  assumed  and  the  results  will  be  presented  in  the  form  of 
a  plot  of  cross  section  as  a  function  of  the  possible  values  of  this 
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gateway  state.  For  the  purpose  of  initially  calculating  the  cross 
sections,  the  flux  at  an  assumed  gateway  of  2.125  MeV  will  be  used;  the 
cross  sections  at  other  energies  are  obtained  by  multiplying  this  by  a 
factor  expressing  the  relative  intensities  shown  in  Fig.  1. 

The  fits  to  the  experimental  data  of  Figs.  4  and  6  yielded  values 
for  C0  of  3022  and  1619  counts.  Use  of  the  fitted  values  for  X  and  the 
appropriate  efficiencies  and  exposure  times  indicated  that  1.48  x  106 
and  8.96  x  105  excited  nuclei  were  produced  in  trials  1  and  3.  trial  2 
was  not  considered  in  this  analysis  because  of  the  sample  contamination 
problem  discussed  above.  One  further  correction,  not  discussed  above, 
is  required  to  account  for  interferences  from  neutron  capture  processes 
that  populate  the  isomeric  state  through  the  reaction  175Lu(n,  7)  176Lum. 
The  natural  abundance  of  the  parent  species  in  this  reaction  is  97.41%. 
In  a  previous  study1,  the  thermal  and  epithermal  neutron  fluxes  at  the 
sample  position  were  found  to  be  Athene  ”  12  n/(cm2-s)  and  “  6 
n/(cm2-s).  Using  these  fluxes  and  the  cross  sections  for  populating  the 
isomer  through  the  capture  process  (<7thenn  “  16  barns  and  crepi  -  550 
barns)15,  the  number  of  excited  nuclei  produced  by  neutron  capture,  Ne  n, 
can  be  calculated  from 

^e,n  “  ^T*  [^thenn^therm  +  ^epiaepi  J 

where  NTi  is  the  number  of  175Lu  nuclei  in  the  sample.  Before  the 
photoactivation  cross  sections  were  calculated,  the  neutron  contamina¬ 
tion  from  this  source  was  subtracted  from  the  values  of  Ne  cited  above  . 
Because  of  the  large  epithermal  cross  section  and  the  high  natural 
abundance  of  the  parent  nuclide,  the  neutron  capture  contribution  is 
considerably  larger  than  those  seen  in  the  previous  study.  It  amounts 
to  approximately  5%  of  the  total  number  of  excited  nuclei  observed  in 
these  experiments. 

At  a  distance  of  63.7  cm  from  the  x-ray  source,  the  photon  intensi¬ 
ty  at  2.125  MeV  was  5.94  x  106  photons/(cm2-keV- s)  .  From  this  intensi¬ 
ty,  integrated  cross  sections  of  39.9  x  10'26  and  42.2  x  10'26  cm2-keV 
were  calculated  using  the  corrected  values  for  the  number  of  excited 
nuclei  produced  in  trials  1  and  3.  The  average  of  these  two  measure¬ 
ments  , 

[err]  (E  -  2.125  MeV)  -  41.0  x  10'26  cm2-keV  ,  (9) 
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is  taken  to  be  the  experimental  result  for  the  cross  section  for  an 
assumed  gateway  at  2.125  MeV.  A  plot  of  integrated  cross  section  vs. 
the  energy  of  the  hypothetical  single  gateway  state  is  shown  in  Fig.  7. 
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Figure  7.  Integrated  cross  section  for 
the  reaction  176Lu(7,7',)176Lum  as  a  function 
of  the  assumed  gateway  energy. 


Discussion 


The  cross  section  we  have  obtained  for  the  process  176Lu(7 , 7 '  )  176Lum 
is  comparable  to  those  obtained  for  other  materials1  in  this  region  of 
the  nuclide  chart.  Assuming  for  the  sake  of  comparison  that  the  gateway 
energies  are  all  about  2.125  MeV,  the  value  given  above  is  commensurate 
with  those  obtained  for  167Er  (oT  -  43  x  10'26  cm2-keV)  ,  179Hf  (oT  -  31  x 
10*26  cm2-keV)  ,  180Tam  (ar  _  49  x  lO'2*  Cm2-keV)  ,  191Ir  (or  -  41  x  10’26 

cm2-keV)  ,  195Pt  {or  -  21  x  10'26  cm2-keV),  and  197Au  {of  -  15  x  10‘26 
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cm2-keV)  .  Only  two  of  the  materials  tested  in  this  mass  region  have 
exhibited  substantially  lower  cross  sections  under  the  assumption  of  a 
2.125  MeV  gateway,  these  being  ia%  (oT  -  2  x  10'26  cm2-keV)  and  199Hg  (aT 
-  2  x  10‘ 26  cm2-keV)  . 

Although  the  contributions  of  neutron  capture  processes  were 
included  in  the  analysis  above,  interferences  due  to  inelastic  neutron 
scattering  have  not  been  considered.  The  cross  section  CTf3St  for  the 
176Lu(n,n'  )176Luin  reaction  was  not  available  in  the  bam  book  (BNL  325)  ,16 
probably  because  of  the  low  natural  abundance  of  176Lu.  However,  if  the 
assumption  is  made  that  the  observed  activation  was  entirely  due  to 
inelastic  neutron  scattering,  the  cross  section  required  for  the 
scattering  process  can  be  calculated  from  the  relation 

fast  “  Mfast^fastt*  *  <10) 

where  4>faat  is  the  fast  neutron  flux.  In  the  previous  study  of  neutron 
effects,1  it  was  estimated  that  the  total  fast  neutron  flux  at  the 
sample  location  was  about  900  n/(cm2-s).  Using  this  estimate,  one 
obtains  a  value  of  approximately  2800  bams  for  a fast.  This  is  three  to 
four  orders  of  magnitude  greater  than  typical  values  of  cross  sections 
for  inelastic  neutron  scattering,  which  are  normally  in  the  range  of 
several  hundred  millibams.  On  the  basis  of  this  result,  it  appears 
unlikely  that  inelastic  neutron  scattering  plays  a  role  in  the  phenomena 
examined  here. 


Conclusions 


The  large  photoactivation  cross  section  obtained  for  176Lu  in  the 
1-6  MeV  range  is  consistent  with  the  empirical  trend  noted  for  other 
nuclides  in  the  island  of  high-mass  isomers  lying  near  A  -  180.  Deter¬ 
mination  of  the  nature  and  location  of  the  gateways  responsible  for  this 
phenomena  will  require  some  form  of  energy  selective  x-ray  source.  As 
in  previous  experiments,  interferences  due  to  neutron  reactions  appear 
to  play  a  minor  role  in  activating  the  sample. 


16 


N00014-86-C-2488 
UTD  #24522-964 


References 


1.  J.  A.  Anderson,  C.  D.  Eberhard,  J.  J.  Carroll,  M.  J.  Byrd,  C.  B. 

Collins,  E.  Scarbrough,  and  P.  P.  Antich,  "Limits  on  Neutron 
Activation  Interferences  in  Photoactivation  Cross  Section  Measure¬ 
ments  in  the  1.5-6  MeV  Range,"  in  Center  for  Quantum  Electronics 
Report  #GRL/8801,  University  of  Texas  at  Dallas,  1988  (unpub¬ 
lished),  pp.  43-72. 

2.  C.  B.  Collins,  C.  D.  Eberhard,  J.  W.  Glesener,  and  J.  A.  Anderson, 
Rapid  Communications,  Phys .  Rev.  C  37 .  2267  (1988). 

3.  C.  B.  Collins,  J.  A.  Anderson,  C.  D.  Eberhard,  J.  F.  McCoy,  J.  J. 

Carroll,  E.  C.  Scarbrough,  and  P.  P.  Antich,  "Large  Changes  of 

Angular  Momenta  Pumped  by  Bremsstrahlung  in  Selected  Nuclei,"  in 

Center  for  Quantum  Electronics  Report  #GRL/8703,  University  of 
Texas  at  Dallas,  1987  (unpublished),  pp.  37-56. 

4.  J.  A.  Anderson,  C.  D.  Eberhard,  J.  F.  McCoy,  K.  N.  Taylor,  J.  J. 

Carroll,  M.  J.  Byrd,  C.  B.  Collins,  E.  C.  Scarbrough,  and  P.  P. 
Antich,  "Photoactivation  of  Short-Lived  Isomers  with  Bremsstrahlung 
Radiation  from  a  Medical  Linear  Accelerator,"  in  Center  for  Quantum 
Electronics  Report  #GRL/8704,  University  of  Texas  at  Dallas,  1988 
(unpublished),  pp .  11-35. 

5.  E.  o.  Norman,  T.  Bertram,  S.  E.  Kellogg,  S.  Gil,  and  P.  Wong, 

Astrophys.  J.  291,  834  (1985). 

6.  M.  A.  Gardner,  D.  G.  Gardner,  and  R.  W.  Hoff,  in  Capture  Gamma-rav 

Spectroscopy  1987,  Inst.  Phys.  Conf.  Ser.  No.  88/J.  Phys.  G:  Nucl. 
Phys.  14  Suppl . ,  S315  (1987). 

7.  H.  Beer  and  F.  Keppeler,  Phys.  Rev  C  21 .  534  (1980). 

8.  J.  J.  Carroll.  J.  A.  Anderson,  J.  W.  Glesener,  C.  D.  Eberhard,  and 

C.  B.  Collins,  "Accelerated  Decay  of  180Tam  and  176Lu  in  Stellar 
Interiors  Through  (7,7')  Reactions,"  in  Center  for  Quantum  Elec¬ 
tronics  Report  #GRL/8803,  University  of  Texas  at  Dallas,  1989 
(unpublished) . 


17 


N00014-86-C-2488 
UTD  024552 -964 


9.  K.  Han,  D.  Ballon,  C.  Chui ,  ar d  R.  Mohan,  Med.  Phys .  14,  414 

(1987)  . 

10.  R.  Mohan,  C.  Chui,  and  L.  Lidofsky,  Med.  Phys.  12.  93  (1987). 

11.  Table  of  Isotopes.  Seventh  Edition,  Eds.  C.  M.  Lederer  and  V.  S 
Shirley  (Wiley-Interscience ,  New  York,  1978). 

12.  G.  F.  Knoll,  Radiation  Detection  and  Measurement  (John  Wiley  & 

Sons,  New  York,  1979)  pg.  746. 

13.  B.  D.  Sowerby,  Nucl.  Instrum.  and  Meth.  97,  145  (1971). 

14.  J.  K.  Tull,  Nuclear  Wallet  Cards  (National  Nuclear  Data  Center, 

Brookhaven  National  Laboratory,  1985). 

15.  F.  W.  Walker,  K.  G.  Miller,  and  F.  Feiner,  Eds.,  Chart  of  the 

Nuclides .  Thirteenth  Edition  (General  Electric  Company,  San  Jose, 
California,  1983). 

16.  D.  I.  Garber  and  R.  R.  Kinsey,  Eds.,  Neutron  Cross  Sections .  Volume 

II:  Curves.  National  Neutron  Cross  Section  Center,  Brookhaven 

National  Laboratory,  Publication  BNL  325. 


18 


ACCELERATED  DECAY  OF  '"Ta*  AND  ‘\u  IN  STELLAR  INTERIORS 
THROUGH  (7,71  REACTIONS  _ _ 

by  J.  J.  Carroll,  J.  A.  Anderson,  J.  W.  Glesener,  C.  D.  Eberhard, 
and  C.  B.  Collins 

Center  for  Quantum  Electronics,  University  of  Texas  at  Dallas 


Introduction _ 

The  study  of  naturally  occurring  radioactive  isotopes  such  as  176Lu 
and  180Ta  has  become  increasingly  important  to  the  astrophysical  communi¬ 
ty  since  these  species  have  Veen  envisioned  as  stellar  chronometers. 
Provided  the  mechanisms  of  nucleosynthesis  are  sufficiently  understood, 
the  creation  of  these  types  of  nuclei  can  be  dated  from  their  predicted 
initial  abundance,  their  presently  observed  abundance  and  their  half- 
lives  . 

The  analysis  for  176Lu  and  18CTa  is  complicated  by  the  fact  that  each 
possesses  an  isomer.  In  these  cases  stellar  nucleosynthesis  may  branch 
to  both  the  ground  state  and  the  isomer,  providing  a  different  initial 
population  in  each  state  than  would  result  were  only  a  single  level 
present.  This  branching  is  critical  to  the  observation  of  iSOjam, 
nature's  rarest  stable  isotop0,1  because  the  isomer  (T1/2  >  1.2  x  1015 
years)  is  the  surviving  state  rather  than  the  shorter  lived  ground  state 
(T1/2  -  8.152  hours) . 

The  presence  of  an  isomer  produces  an  additional  effect  when  the 
excited  nucleus  can  undergo  transmutation  without  first  decaying 
radiatively  to  the  ground  state.  If  there  is  a  sufficiently  strong 
channel  for  the  transfer  of  a  population  of  nuclei  between  the  ground 
state  and  the  isomer,  the  effective  half-lives  of  the  states  will  be 
drastically  different  in  the  stellar  environment  than  those  measured  in 
the  laboratory.  Processes  which  may  provide  such  a  channel  include 
photoexcitation,  positron  annihilation  excitation,  inelastic  neutron 
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scattering  and  Coulomb  excitation.  In  particular,  for  176Lu  and  180Ta, 
photoexcitation  through  (7,7')  reactions  has  been  investigated.2*3 

Critical  early  works2'3  described  experiments  in  which  samples 
containing  naturally  abundant  lutetium  and  tantalum  were  irradiated  with 
medical  137Cs  and  ^Co  sources.  Following  exposure,  the  x-ray  spectra  of 
the  samples  were  examined  for  signatures  of  the  decays  of  176Lum  and 
180Ta.  No  activation  of  the  tantalum  sample  was  in  evidence  but  some 
activation  of  the  lutetium  sample  was  observed.  In  order  to  calculate 
the  reaction  cross  section  for  176Lu  from  the  observed  activation  and  to 
estimate  an  upper  bound  on  the  cross  section  for  180Tam,  it  was  assumed 
that  the  reactions  were  non- resonant ,  threshold  processes  in  keeping 
with  conclusions  from,  previous  experiments4'5  on  115In  and  111Cd.  The 
irradiating  spectrum  was  therefore  integrated  above  the  assumed  thresh¬ 
old  and  the  large  number  of  available  photons  resulted  in  the  report  of 
small  values  for  the  cross  sections.  The  absence  of  larger  cross 
sections  was  then  used  to  imply  the  usefulness  of  176Lu  and  180Tam  nuclei 
as  stellar  chronometers. 

In  contrast  to  earlier  work,  the  most  recent  studies  of  the  reac¬ 
tions  115In(7 , 7 ' )  115Inra  and  111Cd(7 , 7 '  )  111Cdm  have  shown  no  evidence  for  the 
appearance  of  non-resonant  effects.6*7'8'9  Instead  it  was  reported  that 
previous  evidence  for  threshold  processes  could  be  attributed  to 
departures  of  the  experimental  photon  sources  from  expectations. 
Evidently  (7,7')  reactions  proceed  through  relatively  narrow  resonant 
"gateway"  levels  rather  than  through  non-resonant  excitation.  In  this 
context,  the  most  recent  measurements10'11  of  the  cross  sections  for  the 
reactions  176Lu(7 , 7 '  )  176Lum  and  180Tam(7 , 7' )  180Ta  make  possible  a  reevalua¬ 
tion  of  the  degree  to  which  these  nuclei  are  useful  as  stellar  chronome¬ 
ters  . 


Experimental  Detail  and  Analysis _ 

A  set  of  experiments  was  performed  by  exposing  lutetium  and  tanta¬ 
lum  samples  to  the  brensstrahlung  from  a  Varian  Clinac  1800  medical 
linear  accelerator  operating  in  a  6  MeV  mode.  An  enriched  tantalum 
sample  containing  1.3  mg  of  180Tam  in  24.7  mg  of  181Ta  was  used.  The 
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tantalum  was  deposited  as  a  dusting  of  oxide  near  the  center  of  a  5  cm 
square  plate  of  aluminum.  This  sample  composition  was  chosen  in  order 
to  minimize  the  self-absorption  of  fluorescent  x-  ays.  Following 
irradiation,  the  sample  was  transported  to  an  N-type  HPGe  spectrometer 
system  for  counting.  As  the  ground  and  isomeric  states  of  180Ta  decay  by 
f}~  emission  and  electron  capture,  as  shown  by  the  partial  decay  level 
diagram  of  Fig.  1(a) ,  the  4096-channel  pulse-height  spectra  contained 
x-ray  peaks  emitted  from  the  daughter  nucleus  1S0Hf.  The  identities  of 
the  observed  photopeaks  were  verified  by  their  energies  and  counting 
rate  decays.  A  typical  spectrum  for  the  tantalum  sample  showing  the 
180Hf  Ka  and  peaks  is  given  in  Fig.  2. 
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Figure  1:  Partial  decay  level  diagrams  of  a) 

17°Iu  and  b)  180Ta  depicting  parent  and  daughter 
nuclei.  Half-lives  are  shown  in  ovals  Co  the 
left  of  the  ground  and  isomeric  levels.  The 
nuclear  spins,  parities ,  and  energies  in  keV  of 
each  state  is  given.  0~  decays  are  shown  by 
diagonal  arrows  on  the  right  of  the  parent  lev¬ 
els  and  electron  capture  decays  are  shown  by 
diagonal  arrows  on  the  left. 
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Figure  2:  Dotted  and  solid  curves  show,  respec¬ 
tively,  the  spectra  obtained  before  and  after  irra¬ 
diation  of  a  tantalum  sample  containing  180Ta  en¬ 
riched  to  5% .  An  HPGe  detector  was  used  to  obtain 
the  spectra.  The  feature  at  63  keV  is  due  to  trac¬ 
es  of  natural  activity  in  the  counting  shield.  The 
solid  curve  shows  activity  resulting  from  the 
transmutation  of  180Ta  ground  state  nuclei  measured 
in  the  sample  following  irradiation .  The  prominent 
additions  are  the  180Hf  Ka  and  Kg  x-ray  lines  re¬ 
sulting  from  electron  capture  in  the  180ra. 


Each  lutetium  sample  consisted  of  approximately  5  g  of  LuC13 
dissolved  in  distilled  water  to  make  about  20  ml  of  solution  contained 
within  a  polyethylene  scintillation  bottle.  The  samples  were  fashioned 
in  this  way  in  order  to  employ  an  alternate  detection  scheme  which  was 
better  suited  to  the  examination  of  176Lu.  The  ground  state  of  176Lu 
decays  with  an  endpoint  energy  of  565  keV  and  the  isomer  with  endpoint 
energies  of  1313  keV  (39.6%)  and  1225  keV  (60.4%),  as  depicted  in  the 
partial  decay  level  diagram  of  Fig.  1(b).  Since  these  nuclei  were 
suspended  in  solution,  the  particles  emitted  in  these  decays  produced 
Cerenkov  radiation  in  the  water  with  efficiencies  dependent  on  the 
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differences  in  the  particle  energies  and  the  Cerenkov  threshold  energy 
at  about  250  keV. 

In  these  experiments  the  efficiency  for  production  of  Cerenkov 
radiation  from  isomeric  decays  was  over  10  times  larger  than  that  from 
ground  state  decays.  This  made  possible  an  accurate  measurement  of  the 
number  of  isomeric  decays,  and  thus  of  isomeric  production  from  the 
ground  state,  by  counting  the  Cerenkov  events  with  a  detector  consisting 
of  two  RCA  8850  photomultiplier  tubes  in  EG  &  G  9201  bases.  The  tubes 
were  operated  in  a  coincidence  mode  by  connecting  the  time  synchronized 
outputs  through  a  150  MHz  Phillips  755  logic  unit.  This  insured  that 
only  events  detected  in  coincidence  by  both  tubes  were  counted,  improv¬ 
ing  the  signal  to  noise  ratio.  Then,  the  number  of  coincident  counts  as 
a  function  of  time  was  stored  as  a  4096  channel  MCS  spectra  with  a  40 
sec  dwell  time.  A  typical  spectrum  is  shown  in  Fig.  3.  The  counter  was 
calibrated  with  a  40KC13  solution  of  known  activity  which  emitted  f)~ 
particles  having  roughly  the  same  endpoint  energy  as  176Lum. 
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Figure  3:  A  typical  decay  spectrum  from  a  lute- 
tium  sample  following  a  40 -minute  irradiation. 
Each  channel  represents  an  interval  of  320  sec. 
The  solid  line  indicates  a  fit  to  the  data  which 
gives  a  half-life  for  176Lum  of  3.58  ±  .05  h;  the 
literature  value  is  3.68  hours. 


The  rate  of  excitation  of  nuclei,  dNexcited/dt  was  determined  for 
each  sample  from  the  observed  photopeak  counts  for  the  pulse  height 
spectra  and  from  the  decay  of  the  counting  rate  for  the  coincidence 
spectra.  These  were  corrected  for  self-absorption  of  fluorescent 
photons,  detector  efficiency,  signature  photon  or  0~  decay  intensity  and 
finite  times  for  counting,  transport  and  irradiation.  From  the  view¬ 
point  of  photoexcitation  through  resonant  gateways,  the  excitation  rate 
is  given  by 


^exci  ted 
dt 


Nt  2  (a Dj  *(Ei) 
i 


(1) 
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where  NT  is  the  number  of  target  nuclei  in  the  sample,  )  is  the 
incident  photon  flux  in  photons/cm2-keV-sec  at  the  gateway  energy  E,-  and 
(ur)j  is  the  integrated  cross  section  in  cm2-keV, 

(oD,.  -  /„,<■>  dE  .  (2) 

The  quantity  Tj  represents  the  natural  width  of  the  ith  gateway  state, 
given  by  Tj  >  fi/r^  where  r,-  is  the  lifetime  of  the  state.  Determinations 
of  the  integrated  cross  sections  depend  primarily  on  knowledge  of  the  E,- 
since  the  output  of  the  linac  is  well  characterized.  12<13  The  relative 
spectral  intensity  normalized  to  unit  total  flux  for  the  linac  operating 
in  the  6  MeV  mode  is  shown  in  Fig.  4. 
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Figure  4;  Relative  spectral  intensities 
of  the  bremsstrahlung  from  the  Varian 
Clinac  1800  used  in  these  experiments . 
The  function  F[MeV~']  is  normalized  to 
Che  total  delivered  flux,  which  for 
linac  operation  in  the  6  MeV  mode  at  300 
Hz  is  2.28  x  10 7  photons /cnY-keV-sec  at  a 
distance  of  63.7  cm  from  the  x-ray 
source . 


The  fixed  endpoint  of  the  linac  did  not  allow  the  gateways  to  be 
located.  However,  by  assuming  the  excitation  proceeds  through  a  single 
gateway  state,  cross  sections  were  found  as  functions  of  the  possible 
gateway  energies.  Previous  examinations14*  15> 16  of  known  nuclear  states 
have  indicated  that  the  lowest  likely  gateway  states  lie  at  about  1  MeV 
for  176Lu  and  about  750  k°V  for  1S0Ta|,n.  Consistent  with  these  sugges¬ 
tions,  the  cross  sections  for  176Lu  and  180Ta'!'  are  shown  in  Figure  5.  The 
gateway  energies  indicated  by  the  data  points  are  located  at  the  centers 
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of  energy  bins  corresponding  to  mesh  points  at  which  intensities  are 
available  from  published  linac  spectra. 
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Figure  5:  Integrated  cross  sections  for  the 
reactions  ^76Lu(y,y  '/)1?6Lum  and 

180Tam('7,7,^180ra,  each  plotted  as  a  function 
of  the  energies  at  which  a  single  gateway 
state  could  be  assumed. 


It  is  difficult  to  directly  compare  the  results  of  Fig.  5  with  the 
cross  sections  of  Refs.  2  and  3  since  the  irradiating  spectra  used  in 
those  experiments  are  not  known.  However,  as  a  point  of  contact  between 
the  two  approaches,  for  180Tam  a  single  resonant  gateway  at  750  keV  would 
correspond  to  an  integrated  cross  section  of  27700  x  10-29  cm2-keV  while 
a  non-resonant  process  with  a  threshold  at  750  keV  would  have  a  cross 
section  of  148  jibarns .  This  is  more  than  3  orders  of  magnitude  larger 
than  the  cross  section  reported  in  Ref.  3. 
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Effective  Half-Life  of  17*Lu _ 

The  ground  and  isomeric  states  of  176Lu  can  be  considered  to  com¬ 
prise  two  components  of  a  coupled  system  of  populations  governed  by  the 
standard  rate  equations  for  radioactive  decay.  For  the  ground  and 
metastable  populations  N0  and  Ni ,  these  are 

dN, 

-  -  -<R,  +  R^N,  +  R^Nq  ,  (3) 

dt 

and 

dN0 

-  -  -(Ro  +  Roi)N0  +  R10N,  (4) 

dt 

The  quantities  R^  and  R1  are  the  radioactive  decay  rates  for  these 

states,  taken  from  laboratory  values  for  the  half-lives,  (T1/2)0  >  3.59  x 
1010  years  and  (T1/2)i  -  3.635  hours.  The  R^  and  R10  are  the  total 

transfer  probability  rates  from  ground  to  isomer  and  from  isomer  to 
ground  states  through  (7,7')  reactions. 

The  rate  for  excitation  to  the  isomer  through  a  single  gateway  is 
found  by  recognizing  that  Rq-)  -  NT_1  •  dNejlcjte<J/dt ,  where  NT  is  the  number 
of  target  nuclei.  Eq .  (1)  Chen  gives 

Ro,  -  (a01D  *(E01)  ,  (5) 

where  E01  is  the  gateway  energy  relative  to  the  ground  state  and  the 
width  of  the  gateway  has  been  assumed  to  be  sufficiently  narrow  so  that 
the  flux  may  be  considered  as  constant  over  the  gateway.  Employing  the 
Plank  distribution  to  represent  the  stellar  interior  at  temperature  T, 

8*E012 

*(Eoi)  ”  - 7-T-  [exp(E01/kT)  +  l]'1  (6) 

h3c2 

Thus,  in  terms  of  the  experimentally  measured  integrated  cross  section, 

R01  -  — r—r  (tfoiH  E012  [exp(E0,/kT)  +  lj  1  (7) 

h3cz 
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The  rate  for  the  inverse  reaction  is  found  by  considering  the 
question  of  thermal  equilibrium.  If  it  were  possible  for  both  states  to 
come  into  equilibrium  with  the  photon  bath,  the  net  photoexcitation  rate 
would  vanish, 


dN, 


dt 


+  RlNlleq.  -  0 


(8) 


This  indicates  that  as  a  function  of  the  ground  and  isomeric  state 
angular  momenta  J0  and  J1  and  the  energy  of  the  isomer  relative  to  the 
ground  state,  E1 ,  the  ratio  of  populations  would  become, 


/  N1  \  Roi  2J1  +  1 

(—)«,.  -  -  -  -  exp(  -E-t/kT) 

\  N0  /  ^  R10  2J0  +  1 


(9) 


For  the  176Lu  isotope,  J0  -  7,  J1  *  1  and  the  isomer  energy  is  E1  - 
126  keV.  Then,  the  solution  to  the  rate  Eqs .  (2)  and  (3)  is  given  by, 


N.,  a  +  b  coth(bt/2) 

—  (t)  -  - 

N0  2R10 


(10) 


where 


and 


a  —  Rq  +  R(31  -  R1  -  R 


10 


b  —  7a^  +  4R01R10 

The  effective  half-life  of  176Lu  nuclei  in  the  stellar  environment 
is  finally  evaluated  for  this  two  level  system  from  the  expression, 


(T1/2)eff  “ 


N 

1  +  — 

N 

1 


(T1/2)l 


dW- 


cii) 


Figure  6  shows  the  effective  half-life  as  a  function  of  temperature  for 
several  assumed  gateway  energies. 
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Figure  6:  Effective  half-life  of  176Lu  nuclei  as  a 
function  of  the  temperature  of  the  stellar  environ¬ 
ment  in  which  it  is  immersed .  The  different  curves 
are  parametrized  by  assumed  gateway  energies  lying 
in  the  indicated  energy  ranges. 


Effective  Half-Life  of  18°Ta 


The  possibility  of  decay  of  1S0Ta  nuclei  by  electron  capture  intro¬ 
duces  an  additional  temperature  dependence.  The  half-life  of  the  isomer 
is  so  long  that  an  accurate  result  can  be  obtained  by  considering  it  to 
be  temperature  independent.  However,  the  depletion  of  its  electron 
shells  at  stellar  temperatures  will  appreciably  alter  the  half-life  of 
the  ground  state.  Detailed  calculations  of  this  effect  have  been 
made,17  but  the  nuclear  data  that  were  used  are  now  dated.  Considering 
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the  simpler  problem  of  the  depletion  of  the  K  shell  only,  the  ground 
state  half-life  may  be  written  as18 

<T1/2)o  -  [(T1/2)0]lab.  (bec  r(T)  +  b^  ,  (12) 

where  bg,.  -  .87  and  b^  -  .13  are  the  branching  ratios  for  the  two  decay 
modes.  The  ratio  r(T)  of  K  shell  occupancy  at  T  to  that  as  T  ->  0  is 
given  by 

r(T)  -  [exp(/i  -  E^/kT)  +  l]'1 

where  EK  -  67.416  keV  is  the  K  shell  energy  and  n 
chemical  potential, 

2 

e*  -  _  (2*m.kT)3/2  ,  (14) 

h3Ne 

where  Ne  is  the  number  density  of  electrons  in  pure  He  stellar  matter, 
for  which  a  typical  value  of  103  g/cm3  is  taken  and  me  is  the  electron 
mass.  The  half-life  of  the  180Ta  ground  state  as  a  function  of  tempera¬ 
ture  is  given  in  Figure  7 . 


(13) 

is  the  fermion 
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Figure  7:  Half-life  of  ground  state  nuclei  of 
°°Ta  as  a  function  of  temperature  in  the  surround¬ 
ing  stellar  environment.  At  temperatures  above 
2  x  20s  °K,  the  K  shell  is  completely  depleted  and 
the  nuclei  decay  only  through  fT  emission. 


With  the  inclusion  of  this  mechanism,  the  previous  analysis  is  used 
to  determine  the  half-life  of  180Ta  for  which  J0  -  7,  J,  -  1  and  E1  -  127 
keV  from 


<TV2>, 


i+—  ((Ti/2)0)  <t1/2) 


These  results  are  displayed  in  Figure  8. 


An  origin  which  is  strictly  s-process  in  character  has  been  pro¬ 
posed19'20  for  176Lu  and  the  appropriate  neutron  capture  chain  has  been 
examined.21'22  This  isotope  is  shielded  from  the  r-process  by  176Yb, 
which  is  stable  against  0~  decay.  The  s-process  of  stellar  nucleosyn¬ 
thesis  is  thought  to  require  temperatures  of  around  3.5  x  108  °K  and  to 
occur  primarily  in  stable  red  giants,23  possibly  during  thermal  relax¬ 
ation  oscillations.24  Examination  of  Fig.  6  indicates  that  at  this 
temperature  at  least  partial  equilibration  of  the  ground  state  and 
isomer  of  176Lu  will  occur  unless  the  gateway  is  located  at  an  energy 
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above  about  1.5  MeV.  Should  the  gateway  lie  within  the  1  -  1.25  MeV 
range  as  has  been  suggested,  an  s-process  origin  may  still  apply. 
However,  the  strong  temperature  dependence  of  the  half-life  would  render 
176Lu  useless  as  an  s-process  chronometer. 

Many  mechanisms  have  been  suggested  to  be  responsible  for  the 
production  of  180Ta  though  none  have  been  firmly  established. 25,26 
Recently  an  s-process  origin  for  180Ta  has  been  suggested27, 28  and  the 
necessary  reactions  demonstrated.29  The  rarity  of  180Tam  was  concluded  to 
be  a  consequence  of  the  fact  that  this  nucleus  lies  aside  the  main  path 
of  cosmic  nucleosynthesis.30  Fig.  8  clearly  shows  again  that  equilibri¬ 
um  will  occur  at  the  canonical  s-process  temperature  of  3.5  x  108  °K 
unless  the  gateway  lies  above  1.5  MeV.  The  discovery  of  a  gateway 
laying  below  1.5  MeV  would  then  imply  that  180Ta  could  not  be  employed  as 
an  s-process  chronometer.  This  could  only  be  avoided  if  the  s-process 
can  proceed  at  temperatures  below  1.5  x  108  °K. 

These  interesting  results  point  to  the  importance  of  locating  the 
participating  gateways  more  precisely.  This  could  be  accomplished  if  a 
variable  endpoint  linac  were  available  that  was  capable  of  delivering 
sufficient  dosage.  Indeed,  should  multiple  gateways  be  found  below  6 
MeV  the  results  of  this  analysis  may  be  drastically  altered.  Also  of 
importance  is  the  more  manageable  problem  of  determining  the  linac 
spectrum  for  smaller  bin  sizes.  Each  curve  in  Figs.  6  and  8  must 
represent  a  range  in  possible  gateway  locations  rather  than  simply  one 
gateway  energy.  Smaller  bin  sizes  would  enable  more  exact  examination 
of  the  temperatures  at  which  equilibration  becomes  important  for  given 
gateway  locations . 
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SPECTRAL  CHARACTERIZATION  OF  INTENSE,  SHORT  DURATION 
BREMSSTRAHLUNG  PULSES  WITH  NUCLEAR  PHOTQACTIVATION  TECHNIQUES 

by  J.  A.  Anderson,  C.  D.  Eberhard,  K.  N.  Taylor,  J.  M.  Carroll, 

J.  J.  Carroll,  M.  J.  Byrd,  and  C.  B.  Collins 

Center  for  Quantum  Electronics,  University  of  Texas  at  Dallas 

Introduction 


Pulsed  power  machines  that  generate  high  intensity  x-ray  pulses  are 
often  used  to  assess  the  radiation  hardness  of  electronic  components  and 
systems  but  have  also  recently  found  application  in  research  programs 
studying  ultrashort  wavelength  (gamma-ray  or  x-ray)  laser  mechanisms. 
For  this  research,  an  accurate  understanding  of  the  bremsstrahlung 
spectrum  emitted  by  the  machine  is  necessary.  This  information  can  also 
be  of  interest  to  the  nuclear  simulation  community  if  radiation  hardness 
tests  are  required  to  mimic  the  average  photon  energy  as  well  as  the 
total  dose  and  dose  rate  for  the  simulated  operating  environment. 
Unfortunately,  the  x-ray  spectrum  of  such  a  device  is  difficult  to 
determine  and  in  practice  is  often  estimated  using  Monte  Carlo  transport 
calculations  in  lieu  of  being  experimentally  measured.  This  paper 
discusses  the  use  of  resonant  photonuclear  activation  as  a  simple 
experimental  technique  that  can  be  used  on  a  shot-by-shot  basis  to 
characterize  these  spectra. 

A  pulsed  power  bremsstrahlung  generator  can  readily  deliver  doses 
of  several  tens  of  kRads  in  an  x-ray  pulse  lasting  less  than  100  ns. 
Endpoint  energies  for  the  bremsstrahlung  can  range  from  near  1  MeV  up  to 
about  10  MeV.  Because  of  the  magnitude  of  energy  expended  in  each 
pulse,  practical  devices  built  to  deliver  these  doses  can  only  fire  a 
few  times  each  day.  This  combination  of  high  flux,  high  photon  energy, 
and  very  low  duty  cycle  presents  a  problem  for  conventional  measurement 
techniques.1  Energy  dispersive  methods  using  scintillators  or  solid 
state  detectors  are  statistically  limited  by  the  small  number  of  events 
that  can  be  pulse  height  analyzed  during  an  x-ray  burst  that  lasts  less 
than  100  ns  and  which  can  be  repeated  only  after  several  hours.  Stan¬ 
dard  techniques  for  wavelength  dispersive  x-ray  spectroscopy  with 
crystal  spectrometers  are  practical  only  in  the  region  below  about  150 
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tteV  due  :o  che  range  of  available  lattice  spacings.  Thus,  neither  of 
the  two  most  commonly  used  tools  for  x-ray  spectroscopy  is  well  suited 
for  characterizing  these  radiation  pulses. 

The  sensitivity  of  absorption  spectrometers,2  which  obtain  a 
spectrum  by  deconvolving  the  responses  of  arrays  of  differently  filtered 
dosimeters,  is  limited  to  the  range  where  mass  attenuation  coefficients 
vary  strongly  with  energy.  This  is  well  below  1  MeV.  A  second  tech¬ 
nique,  that  of  photoneutron  spectroscopy,  suffers  from  the  converse 
problem  of  being  insensitive  at  low  energies.  At  photon  energies  high 
enough  to  induce  (7,n)  reactions,  the  resulting  photoneutrons  can  be 
detected  with  activation  foils,  and  this  information  can  be  used  to 
deconvolve  the  incident  x-ray  flux.  Unfortunately,  there  are  only  two 
materials  with  photoneutron  thresholds  En  below  3  MeV,  these  being  2H  (En 
-  2.22  MeV)  and  9Be  (En  -  1.67  MeV);  even  if  the  energy  range  is 
extended  to  6  MeV,  only  8  isotopes  are  suitable  for  this  application.3 
The  photoneutron  technique  requires  high  photon  fluxes  and  may  also 
suffer  from  interferences  in  mixed  radiation  fields. 

Another  approach  to  characterizing  bremsstrahlung  pulses  is  to 
analyze  the  momentum  of  Compton  scattered  electrons  emitted  from  a 
material  illuminated  by  the  x-ray  pulse  and  from  this  information  to 
deduce  the  spectrum  of  the  incident  radiation.4  This  approach  is 
theoretically  capable  of  dealing  with  a  wide  energy  range,  but  it  is 
complex  and  costly  to  implement. 

The  limitations  of  the  techniques  outlined  above  are  graphically 
summarized  in  Fig.  1.  Resonant  nuclear  photoactivation  is  a  method 
which  complements  these  techniques  and  which  requires  little  in  the  way 
of  specialized  equipment.  It  may  be  the  only  practical  approach  in  some 
applications . 
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Figure  1:  Limitations  of  different  measurement  techniques  for 
measuring  short  (<  100  ns),  non- repetitive  x-ray  bursts.  The 
shaded  area  includes  major  limitations  that  may  exclude,  in 
general,  the  use  of  a  given  method. 


Resonant  Nuclear  Pholoactivaiion  Detectors _ 

Determining  photon  fluxes  with  resonant  nuclear  photoactivation  of 
nuclear  isomers  is  analogous  to  monitoring  fast  neutron  fields  with 
neutron  activation  foils,  with  one  important  difference:  neutron 
activation  foils  are  threshold  detectors,  but  photoactivation  monitors 
determine  the  photon  flux  in  a  narrow  window  at  the  resonance  energy. 
The  process  is  illustrated  in  Fig.  2.  Incident  photons  excite  the 
ground  state  to  a  short-lived  intermediate,  or  gateway,  state  that 
promptly  decays  to  form  an  isomer.  The  exposed  sample  can  then  be 
transported  to  a  conventional  counting  system  and  the  population  of  the 
isomeric  state  can  be  quantified.  From  this  information  and  the  value 
of  the  transfer  cross  section,  the  photon  flux  at  the  gateway  energy  can 
be  obtained.  If  several  materials  with  different  gateway  energies  are 
available,  the  spectrum  of  the  incident  radiation  can  be  deduced  as 
shown  in  Fig.  3. 
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Energy  [keV] 

Figure  3:  The  technique  for  determining 
an  x-ray  spectrum  using  nuclear  photoacd- 
vation.  Isomers  having  different  gateway 
states  provide  measurements  of  the  spec¬ 
tral  intensity  in  specific  energy  windows. 

One  complication  of  this  scheme  is  that  isomeric  materials  in 
general  will  possess  more  than  one  gateway,  thus  necessitating  a  more 
complicated  deconvolution  than  the  idealized  case  given  above.  If  the 
irradiation  pulse  is  short  compared  to  the  half-lives  of  the  isomeric 
states  involved,  the  isomeric  population  can  be  written  as 

^excited  “  N0£  [  *bab0aor/2  ]  {  *<E,)  ,  (1) 
i 

where  N0  is  the  number  of  target  nuclei  in  the  sample,  the  quantity  in 
brackets  is  the  effective  integrated  cross  section  for  transfer  through 
the  ith  gateway  state,  ^(E()  is  the  incident  photon  flux  at  the  energy 
Ej  of  the  ith  gateway,  and  the  summation  is  taken  over  all  accessible 
gateways.  The  terms  appearing  in  the  integrated  cross  section  are  the 
Breit-Wigner  cross  section,  a0,  the  width  of  the  resonance,  r,  and  the 
branching  ratios  from  the  gateway  state  to  the  ground  and  excited 
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states,  ba  and  b0.  ine  units  of  the  integrated  transfer  cross  section 
are  cm2-keV;  the  units  for  the  photon  flux  are  pho tons/cm2 -keV. 

One  of  the  major  difficulties  in  implementing  resonant  photoacti¬ 
vation  detectors  is  obtaining  good  values  for  the  energy  and  cross 
section  parameters  of  the  gateway  states.  A  summary  of  parameters 
appropriate  for  measurements  in  the  range  below  1.5  MeV  is  given  in 
Table  I.5<6«7 


Table  I:  Resonant  photoactivation  parameters  for 
measurements  below  1.5  MeV.  The  integrated  cross 
section  corresponds  to  the  term  appearing  in  brackets 
in  Eq.  (1).  Branching  ratios  for  the  decay  are  not 
given  but  may  be  found  in  the  literature  8 


Isomer 

Isomeric 

Energy 

[keV] 

Gateway 

Energy 

[keV] 

Cross 

Section 

[10-29 

cm2-keV] 

Observed 

Decay 

Energy 

[keV] 

Half-life 

79Br™ 

207 

761 

6.2 

207 

4.86  s 

TTSe"1 

162 

250 

0.2 

162 

17.4  s 

480* 

0.87 

818 

0.7 

1005 

30. 

1 15Inm 

336 

1078 

18.7 

336 

4.486  h 

nicd<" 

396 

1190 

9.8 

245 

48.6  m 

•This 

represents 

the  weighted 

average  of 

two  levels  at 

440-  and 

521 -keV. 

The  experimental  arrangement  for  this  type  of  work  is  illustrated 
in  Fig.  4.  Samples  may  be  mounted  either  in  a  stationary  fixture  or 
inside  a  pneumatic  transfer  system.  After  the  exposure,  they  are 
transported  to  a  conventional  spectroscopy  system  in  a  remote  area  for 
counting.  The  equipment  can  be  made  readily  portable  and  requires  only 
limited  space  in  the  test  cell.  In  normal  operation,  the  x-ray  device 
will  automatically  trigger  the  transfer  system  and  a  transit  timer. 
Arrival  of  the  sample  at  the  detector  stops  this  timer  and  starts  the 
spectrometer  acquisition  cycle.  The  resulting  spectra  are  analyzed  for 
photopeak  areas,  from  which  the  total  number  of  excited  states  produced 
by  the  irradiation  can  be  calculated. 
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Figure  4;  Apparatus  £ 
tivation  measurements . 


Example:  Bremmstrahhmg  Endpoint  <1.5  MeV 


The  cross  sections  shown  in  Table  I  were  obtained  in  a  series  of 
experiments5*6'7  conducted  with  the  DNA/PITHON  flash  x-ray  device, 
operated  by  Physics  International  in  San  Leandro,  CA.  In  this  work,  the 
endpoint  of  the  machine  was  varied  from  about  1.0  to  1.5  MeV,  and  the 
dose  delivered  to  the  samples  ranged  up  to  approximately  20  kRad.  An 
example  of  the  type  of  data  obtained  with  a  single  shot  of  PITHON  is 
shown  in  Fig.  5.  By  using  TIGER9  code  calculations  for  the  variation  of 
the  spectral  intensity  as  a  function  of  endpoint  energy,  it  was  possible 
to  standardize  all  of  the  gateway  parameters  listed  in  Table  I  against 
the  values  for  ^Br,  which  were  considered  to  be  the  best  information 
from  the  literature.  A  comparison  of  the  experimental  results  for  a 
particular  shot  and  the  TIGER  code  calculation  for  the  same  shot, 
adjusted  for  the  estimated  source  -  sample  separation,  is  shown  in  Fig.  6. 
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Figure  5:  Nal(Tl)  spectrum  obtained  following  a  single  irradiation 
at  the  PITHON  x-ray  facility.  The  sample  was  a  mixture  of  1.25  g 
of  LiBr  and  1.20  g  of  Se  powder.  Acquisition  time  was  80  s. 
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Figure  6:  Comparison  of  calculated  (solid  line) 

and  measured  (diamonds )  spectral  intensity  for 
PITHON  shot  4379 . 


Example:  Bremmstrahlung  Endpoint  >1.5  MeV _ 

As  the  endpoint  energy  of  the  x-ray  spectrum  is  increased,  more 
reaction  channels  open.  This  complicates  the  situation  by  allowing 
interfering  reactions  to  compete  with  the  selected  photoactivation 
process.  These  competing  channels  may  be  (7,n)  reactions,  (n,y) 
reactions  with  the  neutrons  produced  in  the  environment  by  high  energy 
source  photons,  and  additional  (7,7')  reactions  with  high  gateway 
energies . 
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In  experiments  conducted  at  the  U.S.  Army's  Harry  Diamond  Laborato¬ 
ry  in  Adelphi,  MD,  bremsstrahlung  from  the  Aurora  machine  with  a  nominal 
endpoint  of  10  MeV  was  used  to  further  study  the  use  of  photoactivation 
as  a  spectral  characterization  tool.  This  device,  which  develops  14  TW 
of  electrical  power,  is  the  world's  largest  flash  x-ray  machine.  In 
one  mode  of  operation,  the  direct  output  of  the  machine  is  softened  by 
Compton  backscattering  in  a  large  block  of  plastic  in  an  arrangement 
similar  to  that  described  in  Ref.  2.  In  this  case,  the  test  volume  is 
in  a  massive  high  Z  shield  that  prevents  the  unscattered  radiation  from 
illuminating  the  devices  or  samples  under  study.  Because  the  Compton 
scattering  is  occurring  at  close  to  180°,  the  peak  in  the  softened 
spectrum  is  expected  to  lie  near  100  keV.  Measurements  with  an  absorp¬ 
tion  spectrometer  confirm  this.10 

A  set  of  photoactivation  measurements  were  made  in  this  softened 
environment  and  were  analyzed  in  the  manner  described  above.  However, 
significant  differences  were  encountered  in  this  data.  An  example  of 
the  data  obtained  in  this  work  is  shown  in  Fig.  7.  It  was  not  possible 
to  observe  photoactivation  in  the  indium  sample  in  this  case  because  of 
strong  interference  from  the  115In(n,7)116Inm  reaction,  which  has  large 
cross  sections  in  the  thermal  and  resonance  regimes.  High  energy  source 
photons  interacting  in  the  plastic  block  through  2H(7,n)1H  reactions 
created  the  slow  neutrons  responsible  for  the  interference.  By  counting 
both  bare  and  cadmium  covered  foils,  it  was  possible  to  quantify  <£th' 
and  <£epj '  ,  the  thermal  and  epithermal  neutron  fluxes  in  the  sample 
region,  normalized  to  the  delivered  dose.  The  values  <£th'  -  (4.2  ±  0.3) 
x  106  n/(cm2-kRad)  and  -  (9.5  ±  0.6)  x  104  n/(cm2-kRad)  were  obtained 
using  conventional  analysis  techniques,11^2  From  these  values,  it  was 
possible  to  calculate  the  degree  of  neutron  contamination  in  the  ^Se 
and  ^Cd  measurements.  The  ^Se  observation  shown  in  Fig.  7  was  found 
to  be  dominated  by  neutron  capture  interferences,  but  only  about  15%  of 
the  111Cdm  activation  was  due  to  this  mechanism.  Lack  of  the  precursor 
78Br  as  a  stable  isotope  insured  that  the  ^Brm  measurement  was  free  of 
slow  neutron  contamination.  Application  of  the  cross  sections  of  Table 
I  and  use  of  Eq .  (1)  yielded  values  of  <£(761  keV)  -  (3.9  ±  0.3)  x  1010 
photons/(cm2-keV-kRad)  and  <£(1190  keV)  -  (3.4  ±  0.9)  x  1010  photons/(cm2- 
keV-kRad)  for  the  photon  flux  normalized  to  the  total  delivered  dose  at 
the  sample  location.  These  values  have  been  converted  to  units  of 
MeV/(MeV-cm2)  for  a  particular  shot  so  that  they  may  be  plotted  in  Fig. 
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8(a)  with  both  the  theoretical  expectations  for  the  backscattering 
geometry  and  a  spectrum  obtained  with  an  absorption  spectrometer. 
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Figure  7:  Nal(Tl)  spectrum  obtained  following  a 

single  irradiation  (shot  6221)  at  the  Aurora  fa¬ 
cility  in  backscattered  mode.  Sample  size  is 
identical  with  that  in  Fig.  5.  Note  the  differ¬ 
ence  in  scale  between  the  two  figures. 


As  can  be  seen,  the  photoactivation  measurements  lie  about  two 
orders  of  magnitude  higher  than  the  expected  values.  The  reason  for 
this  discrepancy  lies  in  the  high  energy  tail  detected  by  the  absorption 
spectrometer.  It  should  be  noted  that  although  the  presence  of  this 
tail  is  indicated  by  the  absorption  technique,  the  lack  of  sensitivity 
above  1  MeV  in  the  absorption  method  does  not  permit  determining  the 
real  shape  of  the  spectrum  in  this  region.  The  solid  curves  in  Fig.  8 
above  about  1  MeV  reflect  the  initial  guess  used  in  the  iterative 
deconvolution  process  used  for  the  absorption  spectrometer  rather  than  a 
true  measurement.  Separate  investigations13  of  photoactivation  process¬ 
es  in  the  range  1.5-6  MeV  using  a  fixed  endpoint  linac  designed  for 
cancer  therapy  have  revealed  that  cross  sections  in  this  interval  may  be 
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two  to  three  orders  of  magnitude  larger  than  those  prevailing  in  the 
range  below  1.5  MeV.  Because  the  spectrum  from  the  linac  used  in  this 
work  was  fixed,  it  has  not  been  possible  to  identify  the  gateway 
energies  uniquely;  thus  the  results  have  been  presented  in  terms  of 
possible  cross  section  values  for  a  single  gateway  state  at  various 
energies.  Plots  showing  these  single  gateway  cross  sections  versus 
energy  are  given  in  Fig.  9  for  the  four  materials  listed  in  Table  I.  If 
a  gateway  energy  of  2.1,  3.1,  4.1,  or  5.1  was  assumed  for  either  of  the 
two  materials  ^Br  or  ^Cd,  then  the  flux  measurements  would  lie  as 
shown  in  Fig  8(b).  Thus,  both  the  photoactivation  measurements  and  the 
absorption  spectrometer  indicate  the  presence  of  a  high  energy  tail 
extending  above  the  expected  backscattered  spectrum.  This  is  probably 
due  to  leakage  either  through  the  walls  of  the  shield  enclosure  or 
around  its  entrance  aperture. 


Energy  [MeV]  Energy  [MeV] 

Figure  8:  Comparison  of  photoactivation  measurements  in  which  (a)  only 
low  energy  gateway  states  are  included  and  (b)  higher  energy  gateways 
are  included.  In  (b)  the  4  sets  of  points  represent  assumed  single 
gateways  at  2.1- ,  3.1- ,  4.1-,  and  5.1 -MeV.  The  dashed  line  is  the 

calculated  spectrum  for  this  geometry  and  the  solid  line  reflects  an 
absorption  spectrometer  measurement. 
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Resonant  nuclear  photoactivation  is  a  valuable  tool  that  comple¬ 
ments  both  more  complex  electronic  systems  and  alternative  activation  or 
dosimetric  methods  for  determining  the  spectrum  of  single-shot,  intense 
bremsstrahlung  pulses  having  widths  of  less  than  a  microsecond.  Either 
alone  or  in  combination  with  these  other  methods,  a  properly  designed 
photoactivation  monitor  package  can  provide  the  user  with  specific 
spectral  intensity  information  on  a  shot-by-shot  basis.  Although  it 
appears  that  the  cross  sections  listed  in  this  paper  are  adequate  for 
characterizing  x-ray  spectra  with  endpoints  below  1.5  MeV,  additional 
cross  section  determinations  for  high-lying  gateway  states  are  required 
to  extend  the  power  of  the  method  to  higher  energies. 
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THE  USE  OF  A  COMPTON  SPECTROGRAPH/MONOCHROMATOR  FOR  THE 
PHOTOACTIVATION  OF  NUCLEI  INTO  METASTABLE  STATES _ 

by  Y.  Paiss,  C.  D.  Eberhard,  and  C.  B.  Collins 

Center  for  Quantum  Electronics,  University  of  Texas  at  Dallas 


Introduction 


Photoactivation  of  nuclei  by  gamma  rays  was  reported  as  early  as 
1939. ^  Since  then,  a  few  tens  of  papers  have  appeared  describing  the 
X(7,7')Xm  reactions  of  about  20  nuclei.3  It  is  assumed  that  one  or  more 
broad  nuclear  levels  above  the  metastable  level  serve  as  gateways  for 
the  excitation,  and  that  the  contribution  to  the  activation  due  to 
direct  excitation  is  neglected  since  the  width  of  the  metastable  level 
is  extremely  narrow. 

In  recent  years,  there  appeared  claims  that  part  of  the  photoexci¬ 
tation  is  due  to  a  non- resonant  process  mediated  by  the  K  electrons 
around  the  nuclei.4  Some  papers,  on  the  other  hand,  have  refuted  this 
claim  by  indirect  measurements.3'5 

In  analogy  with  techniques  used  in  atomic  excitation  studies,  the 
only  unequivocal  investigation  of  the  mechanism  for  production  of 
metastable  nuclei  by  gamma  irradiation  can  be  conducted  through  the  use 
of  a  scanning  monochromator.  For  example,  197Au  is  easily  excited  by  the 
bremsstrahlung  of  3  MeV  electrons  into  the  metastable  197Aum.  Although 
gold  has  20  known  levels  between  the  metastable  level  at  409  keV  and 
1242  keV,  nothing  is  known  of  the  excitation  mechanism  or  which  levels 
are  involved,  if  any,  within  this  energy  range.6 

It  is  the  aim  of  this  paper  to  describe  a  Compton  spectro- 
graph/raonochromator  (CSM)  with  "fast  optics"  to  down-convert  single 
energy  gammas  from  a  radioactive  source  and  to  use  them  to  study  the 
nuclear  excitation  function  for  the  X(7,7')Xm  production  of  the  metasta¬ 
ble  state.  Single  energy  radioactive  nuclei  are  rare.  Here,  this  term 
is  used  for  cases  in  which  the  spectrum  contains  only  a  few  discrete 
gammas  and  no  ambiguity  occurs ,  e.g.,  60Co  with  two  distinct  energies, 
or  140La  with  one  dominant  energy. 
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General  Considerations 


The  CSM  is  basically  a  source,  a  scatterer,  and  an  absorber.  The 
source  emits  single  energy  photons  of  initial  energy  E0  which  are 
scattered  by  an  electron  in  the  scatterer  through  a  given  angle ,  9 ,  and 
lose  a  portion  of  their  energy.  The  new  energy  E,  a  function  of  the 
original  energy,  E0,  and  the  scattering  angle  9,  is  given  by 

E - - -  ,  (1) 

1  +  (E0/mc2)(l  -  cos  9) 

where  me2  is  the  rest  mass  energy  of  the  electron.  The  absorber  is 
fabricated  from  the  material  under  investigation.  Upon  striking  it,  the 
scattered  photon  is  absorbed  by  the  electrons  in  the  sample  unless  the 
energy  of  the  scattered  photon  is  equal  to  that  of  a  nuclear  resonance 
transition.  If  this  nuclear  resonance  transition  corresponds  to  a 
gateway  state  connected  by  one  or  more  electromagnetic  transitions  to 
the  metastable  state,  the  nuclear  isomer  can  be  formed.  If  the  absorber 
is  in  the  shape  of  a  large  foil,  areas  on  the  foil  will  become  radioac¬ 
tive  when  they  correspond  to  the  scattering  angle  9  which  degrades  the 
photon  energy  from  E0  to  the  resonance  energy  Er.  The  angle  9  can  be 
measured  and  Er  can  be  estimated. 

Assuming  a  basic  configuration  which  is  determined  by  the  energy 
resolution  needed  with  a  free  parameter  scale  length  l,  then: 

1.  For  a  given  source,  the  number  of  photons  striking  the  scat¬ 
terer  is  independent  of  1  because  it  depends  only  on  the  solid 
angle  which  the  scatterer  is  presenting  to  the  source,  which 
is  limited  by  the  energy  resolution  required.  (The  area  of 
the  scatterer  varies  as  I2  and  the  flux  density  on  the  scat¬ 
terer  is  proportional  to  the  solid  angle  subtended  by  the 
absorber,  that  is  as  I-2.) 

2.  For  a  source  of  a  given  specific  activity,  the  source  strength 
is  proportional  to  the  source  volume,  that  is,  varies  as  I3, 
when  self  absorption  effects  are  neglected.  Thus,  the  total 
flux  density  on  the  scatterer  goes  as  I3  ♦  I'2  -  I  and  the  flux 
density  on  the  absorber  as  I3!"2!3!"2  -  I2.  The  total  number  of 
absorbed  resonance  photons  is  proportional  to  the  product  of 
the  flux  density  and  the  absorber  area  (not  volume,  since  the 
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absorption  depth  is  very  shallow  and  is  independent  of  2) ,  or 
I2  (flux  density)  x  22  (area)  -  l1* .  This  means  that  the  number 
of  absorbed  photons  varies  with  the  fourth  power  of  the  scale 
parameter.  The  limit  on  the  size  is  governed  by  the  absorp¬ 
tion  in  the  source  and  scatterer  and  by  double  Compton  scat¬ 
tering. 

Three  forms  of  CSM  are  described  with  increasing  complexity  and 
efficiency. 

A  Single  Massive  Scatterer 


This  configuration  is  the  basic  one  used  by  Compton  himself.7  It 
consists  of  a  source,  scatterer  and  an  absorber  foil  as  shown  in  Fig.  1. 
The  part  of  the  foil  illuminated  by  photons  scattered  through  angle  8 
which  brings  E  to  Er  will  become  radioactive. 


...-•"'"’'-■-•'A 


scatterer 


absorber 


Figure  1:  Geometry  of  Che  basic  Compton  spectrometer  showing 
the  source,  single  massive  scatterer  and  a  curved  absorber 
fo 
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Strip  Circular  Compton  Spectrograph _ 

The  gamma  source,  the  scatterer  and  the  absorber  are  parts  of  the 
same  circle  of  radius  R  as  shown  in  Fig.  2.  The  scatterer  and  the 
absorber  can  be  the  same  curved  strip.  All  gammas  scattered  through  the 
angle  9  in  the  plane  of  the  curve  so  that  they  strike  the  strip  again, 
will  arrive  at  the  same  place  regardless  of  their  scattering  points  on 
the  strip  (classical  geometry).  Therefore,  they  will  have  the  same 
energy  provided  that  the  source  is  monoenergetic ,  such  as  60Co  (only  two 
lines)  or  24Na  or  140L a  or  12^Sb  etc.  and  the  photons  are  scattered  only 
once . 


Figure  2:  Compton  spectrograph  with  curved  scatterer/absorber .  The 
curved  scatterer/absorber  is  a  section  of  a  right-circular  cylinder 
of  radius  R  and  height  W.  If  the  source  may  be  considered  a  point 
source,  then  the  angle  9  is  the  same  for  all  single  scattering  paths 
ending  on  the  point  Q  and  does  not  depend  on  the  coordinates  of  the 
scattering  point  P.  The  angle  9  depends  only  on  the  relative  coordi¬ 
nates  of  the  source  S  and  the  point  of  observation  Q  and  is  given  by 
9  -  11^/2. 

If  the  energy  of  the  photons,  after  being  scattered  through  an 
angle  9,  changes  from  E0  to  EPi  which  is  the  resonance  energy  for  a 
nuclear  absorption  transition  resulting  in  the  production  of  an  isomeric 
state,  then  after  the  irradiation,  the  st^i^  ^an  a^to  a iiaforaphed . 
If  the  isomer  formed  las  a  sufficiently  long  half-life,  the  area  on  the 
strip  corresponding  to  scattering  through  the  angle  9  will  be  radioac- 
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tive.  The  remainder  of  the  strip,  although  irradiated  by  direct  gamma 
from  the  source,  will  stay  "cold"  with  a  general  background  activation 
caused  by  Compton  scattering  inside  the  source,  construction  material, 
shielding  and  air,  or  by  double  scattering  in  the  strip. 

Fig.  3  indicates  the  angles  inherent  in  the  geometry  in  the  circu¬ 
lar  strip  scatterer.  The  source  is  located  at  S  which  corresponds  to  $ 
-  0,  the  scattering  point  P  at  <j>  -  <j>  (arbitrary  on  the  curve),  and  the 
absorbing  point  Q  at  -  4>m.  The  scattering  point  P  is  characterized  by 
the  angle  <j> ,  the  P-Q  distance  R  '(<£),  and  the  S-P  distance  R”  (<f>)  .  The 
S-Q  distance  is  L.  The  scattering  angle  is  given  by  9  -  ^n/2  for  all 
scattering  points  on  the  arc  of  the  circle  of  radius  R.  The  width  and 
thickness  of  the  foil  are  given  by  W  and  D,  respectively.  The  electron 
density  in  the  foil  is  rj .  It  is  assumed  that  the  mean  free  path  of  the 
photon  of  energy  E0  is  greater  than  D/sin  (4>/2)  which  is  the  maximum 
slant  range  of  a  photon  inside  the  foil. 


0m  +  0] 


Figure  3:  Compton  spectrograph  with  curved  scatterer/absorber  showing 
the  geometrical  details  employed  in  the  calculations .  From  this,  the 
following  definitions  are  easily  seen: 

R'  -  2  R  sin  [(K-4>)/2] 

R"  -  2  R  sin  (4>/2) 

L  -  2  R  sin  (4>„/2)  -  2  R  sin  9 
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There  is  a  one-to-one  correspondence  between  the  scattering  angle  8 
and  the  energy  of  the  scattered  photon  E  when  a  monoenergetic  source  is 
used.  The  scattering  efficiency  of  an  electron  is  determined  by  the 
Kline-Nishina  cross  section  <7C.  By  integrating  it  over  the  azimuthal 
scattering  angle  and  substituting  dependence  on  E  for  the  dependence  on 
8  ,  the  following  expression®  can  be  used  to  determine  the  cross  section 
for  the  scattering  of  a  photon  of  initial  energy  E0  into  the  energy 
interval  Er  ±  F/2  of  the  nuclear  resonant  absorption  transition  at  Er : 


cr(Er,E0) 


Er+r/2 

<7(E,E0)  dE  -  £7q(Ep ,  E0)  r 


Er-r/2 


*r„ 


mc2r 

E  2 
Lo 


(2) 


where  r0  —  e2/mc2  is  the  classical  radius  of  the  electron  and  Er  may 
range  from  a  minimum  of  E0/(l  +  2E0/mc2)  for  9  -  n  (backscattering)  to  E0 
for  9-2  (nr  scattering) . 


The  total  number  of  scattering  events  in  the  differential  volume  dV 
at  P  which  produce  photons  of  energies  in  the  interval  Er  ±  T/2  is  given 
by 


dn(Er)  -  r,  <7(Er,E0)  $(P)  dV  (3) 

1 

-  rt  Er,E0)  -  W  D  R  dd 

47r(2R  sin  4>/2)2 

where  a(Er,E0)  is  the  cross  section  as  defined  above,  rj  is  the  electron 
density,  and  $(P)  is  the  flux  of  monoenergetic  photons  produced  by  the 
radioactive  source  S  (which  is  assumed  to  be  isotropic  and  normalized  to 
one  disintegration/sec) . 
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The  differential  increment  of  the  spectral  density  at  Q,  dil>,  is 
defined  as  follows:  the  number  of  photons  per  unit  area  per  unit  time 
at  Q  with  energies  in  the  interval  Er  ±  T/2  produced  by  Compton  scatter¬ 
ing  in  the  volume  dV  at  P  per  unit  energy  interval  per  Bq .  This 
differential  increment  is  given  by 


d0  -  [dn(Er)/T]  •  sin  -  •  [l/2fl-R'sin  9]  •  [1/g]  .  (4) 

2 


The  first  multiplicative  factor  corrects  for  the  oblique  incidence  of 
the  scattered  photons  on  the  absorber  at  Q.  The  second  factor  repre¬ 
sents  the  percentage  of  the  total  scattered  flux  intercepted  by  the 
absorber  (ac  has  already  been  integrated  azimuthally  in  Heitler's 
expression)  and  finally  g  is  the  width  of  the  active  line  formed  on  the 
absorber.  It  is  larger  than  the  width  dictated  by  the  level  width  of 
the  absorber,  and  we  assume  it  to  be  the  image  of  the  source  on  the 
absorber.  In  our  geometry,  the  magnification  is  unity. 

Integration  over  the  angle  4>  from  the  minimum  <f>0  to  4>m  yields  the 
total  Compton  scattered  flux  with  energy  in  the  interval  Er  ±  T/2  at  the 
point  of  activation  Q, 


rjWDRd^crc(Er,E0) 
16ttR2  sin2  ( <f>/2 ) 


sin  -  — 

2  g 


2n  2R  sin  -  sm  8 

2 


(5) 


-  K 


d 4> 


sin2  (<f>/2) 


2  K  [cot(*0/2) 


cot  Om/2)] 


where  K  -  [rjWDac/(87rR)2  sin  9  g]  and  4>0  is  the  minimum  4>  corresponding  to 
the  closest  edge  of  the  scattered/absorber  outside  the  source  volume. 


Equation  (5)  may  be  rewritten  as 

^m-^o 
sm  - 

2 

i/>  -  2  K  - 

sin  (^2)  sin  (*0/2) 


(6) 
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This  expression  becomes  infinite  as  4>0  approaches  zero,  so  that  we  must 
look  more  closely  to  discover  the  limitation  of  our  geometry  and  the 
restraints  on  4>0. 

The  original  diverging  term  arises  from  the  description  of  the 
source  as  a  point  source, 

1  1 

* - ,  (7) 

4?rr2  4tt  [2R  sin  <£/2]2 

where  <f>  describes  the  point  of  observation  on  the  arc.  As  one  approach¬ 
es  the  point  source,  4>-*0 ,  r-K)  and  In  reality,  the  source  has  a 

finite  size  and  the  flux  is  integrated  over  a  sphere  outside  the  source. 
If  the  minimum  size  of  this  sphere  is  r  -  2R  sin  (<j>0/2)  ,  then  the 
minimum  <j>  could  be  found  from  this. 

A  second  concern  is  that  in  the  usual  planar  scattering  geometry, 
the  effective  thickness  (D/sin  [<j>/2])  as  expressed  in  our  geometry 
becomes  infinite  as  <f>-+0  which  corresponds  to  the  beam  becoming  parallel 
to  the  surface.  For  a  spherical  shell  or  a  narrow  circular  strip,  the 
maximum  effective  thickness  is  given  by  [D(2R+D) ] 1/2 .  So  one  must  impose 
the  condition  on  4>0  that 

D 

-  «  [D(2R+D)  ] 1/2  ,  (8) 

sin  4>0/2 

which  should  be  fulfilled  also  to  prevent  double  Compton  scattering. 
This  is  equivalent  to  moving  the  edge  of  the  scatterer  far  enough  away 
that  the  spherical  shell  can  be  approximated  by  the  planar  sheet. 

As  shown  in  Fig.  3,  the  dependence  of  the  flux  on  4>0  may  also  be 
expressed  as 


n  WD  ac  R'  (*0) 

*(*o) - ; - ; - 

8*2  g  L2  R"(*0) 

rj  WD  ctc  1 

. .  - 

8*2  g  R"(*0)  L 

when  R ’  (<t>0)  =*  L,  which  implies  that  4>0  is  vi  y  small. 


(9) 


62 


N00014-86-C-2488 
UTD  #24522-964 


Let  us  assume  that  the  same  parameters  (n,  D  ,  W,  etc.)  describe 
both  the  massive  scatterer  and  the  extended  scatterer  (strip) .  Now  as 
shown  in  Fig.  4,  let  us  consider  the  massive  scatterer  to  be  the 
beginning  segment  of  the  extensive  one  (strip) . 


Figure  4:  Compton  spectrograph  with  curved  scatterer/absorber 
with  geometrical  details  for  the  comparison  of  the  extended  strip 
scatterer  with  the  single  massive  scatterer . 
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Its  contribution  is  the  difference  between  that  of  an  extensive 
scatterer  from  <f>0  to  to  that  from  <f>0'  to  <f>m. 


^massive  “  Ma)  ~  M0' )  (10) 

V  WD  ac  [cot(^0/2)  -  cot(^0'/2)] 

32x2R2  sin  9  g 

r;WDac  sin(  [*0'  -*0] /2) 

32*2R2  sin  9  g  sin(^0'/2)  sin(^0/2) 


Thus  the  ratio  is  given  by 

Aiiass  i  ve  sin([*0'-*0]/2)  sin  (^nv/2) 

^strip  sin  <^o'/2)  sin  ([<t>m-4>0]  /  2) 

aL 

R"(*0')R'(d0) 


(ID 


As  shown  ir.  Eq.  (9),  ^>(^0)  is  greater  when  R"(<f>0)  <  R'  (<j>0)  .  Therefore, 
in  an  optimal  strip,  R'  (<f>0)  =«  L  and  Eq .  (11)  can  be  written 


^mass i ve  a 

______________  =*  - 

40)  R"(<A0) 


(12) 


To  estimate  the  maximum  value  of  the  parameter  a  which  characteriz¬ 
es  the  size  of  the  scatterer,  let  us  consider  the  massive  scatterer  to 
be  a  ball  with  the  diameter  a,  situated  such  chat  R'  (<£0)  -  R"  (<p0)  . 
Figure  5  shows  this  arrangement. 
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Figure  5:  Geometrical  details  for  the  estimate 
of  maximum  size  of  a  single  massive  spherical 
scatterer  for  a  given  energy  spread. 

By  simple  trigonometry, 


L  LI-  cos  9 

G  -  -  tan  (9/2)  -  -  -  ,  (13) 

2  2  sin  9 


and  the  energy  E  of  the  Compton  scattered  photon  may  be  rewritten  as 


me2 

E  -  - - -  (14) 

1  -  cos  6  +  (mc2/E0) 

A  change  of  the  scattering  point  along  G  will  change  the  energy  of  the 
scattered  photon  E  as 


dE  dE  d 9  -me2  sin  9  2  sin 20 


dG  6.9  dG  [1  -  cos  9  +  (mc2/E0)]2  L  (1  -  cos  9) 


65 


N00014-86-C-2488 
UTD  #24522-964 


dE  E2  sin20 

-  ,  (16) 

dG  me2  G 

by  the  substitution  of  (13)  and  (14)  in  (15).  Now  assuming  (a/2)  «  G, 
the  change  in  energy  of  the  scattered  photon  from  the  most  remote  part 
of  the  ball  along  G,  AG  -  a/2,  is  given  by 

dE  E2  a 

AE  -  —  AG  - - sin2  9  .  (17) 

dG  me2  2G 


For  example,  to  reduce  the  1.33  MeV  gamma  from  ^Co  to  1  MeV,  the 
scattering  angle  9  is  about  29° ,  so  that 

(1.0)2  a  (0 . 461) ( a/2) 

AE  = - sin2  29° - (18) 

(0.51)  2G  G 


If  a  5%  maximum  spread  in  energy  E  is  desired,  then  Eq .  (17)  is 
AE  E  (a/2) 

-  sin2  9  (19) 

E  me2  G 

(1.0)  (a/2) 

-  (0.235)  -  0.05 

(0.51)  G 


Solving  for  the  radius  of  the  ball,  (a/2),  we  have 


(a/2)  -  (0 . 05) (2 . 17)  G  -  0.11  G 


(20) 


Typically,  experimental  parameters  would  be  R"  =*  R'  =30  cm,  G  - 
R"sin(0/2)  =  7.5  cm  and  (a/2)  =  0.8  cm.  Substituting  this  into  Eq . 
(11) ,  we  get 

*massWe  -  .a,6)(58).  -  on  (21) 

tfstrip  (30)  (30) 

The  strip  then  is  about  an  order  of  magnitude  more  efficient  than  the 
massive  scatterer. 
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The  Football  Geometry  Compton  Spectrograph _ 

By  rotating  the  strip  around  L  as  an  axis,  one  obtains  a  football 
shaped  scattering  surface  for  9  <  if/ 2.  For  9  -  if/ 2,  the  shape  is  a 
sphere  and  for  9  >  jt/2  ,  it  is  a  donut  with  a  clogged  hole.  Here  we 
shall  limit  our  discussion  only  to  the  football  shape  because  9  >  rc/2 
will  seldom  be  used. 

The  source  is  located  at  one  apex  of  the  football  and  the  absorber 
at  the  ocher  apex  of  the  scatterer  as  shown  in  Fig.  6. 


Absorber 


Source 


Figure  6:  " Football- shaped"  spectrometer  utilizing  the 

curved  scatterer/absorber  concept.  From  this,  the 
following  definitions  used  in  the  calculation  may  be 
seen: 

sin  (4>„J2)  -  L/2R;  1  -  cos  (4>„/2)  -  rUR 
sin  (<j>i/2)  =*  4>\/2;  1  -  cos  (<t>  ’/2)  =>  dj2/4 
c  -  2R  sin  ( <f>/2 ) 

r  -  c  sin  [  (4>m-<j>)/2]  -  2R  sin  (<j>/2)  sin  [  (4m-4>)/2] 
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To  calculate  the  flux  density  on  the  absorber,  we  can  use  an 
equation  similar  to  Eq.  (5),  replacing  the  strip  width  W  by  the  length 
of  the  circumference  at  latitude  <)>  on  the  ball, 


W  —  2jrr  —  4*R  sin  (<f>/ 2)  sin  ([4>m~4>]/ 2)  (22) 

Another  change  from  Eq .  (5)  is  the  omission  of  the  sin  j/2)  in  the 
numerator.  This  arises  because  the  absorber  is  no  longer  a  part  of  the 
scatterer,  but  a  plug  at  the  top  of  the  ball.  The  gammas  strike  the 
absorber  practically  normal  to  the  surface  and  no  correction  for  the 
slant  angle  is  needed.  With  these  modifications,  Eq.  (5)  becomes 


f  ™  >?D[4*R  sin(^/2)  sin  ((dm-^)/2)]  R  ac  &4> 

/  16ttR2  sin2  (<f>/ 2)  4ttR  sin  ((<^_-d)/2)  sin  9  g 
J  A 


_  (23) 


n< ?cD 


8nRg  sin  9 


log 


(1-cos  2))  sin  (^0/2) 


sin(^m/2) 


(1-cos  {<f>J 2)) 


Referring  to  Fig.  6,  we  may  rewrite  this  for  small  values  of  4>0  as 


rjacD  2r„/L 

i>  -  -  log  - 

8jrRg  sin  9  <f> g/4 

where  rm  is  the  distance  R[l-cos(dn/2) ] . 

By  dividing  Eq.  (24)  by  Eq .  (9),  we  get  the 
football  to  the  strip  configuration, 


(24) 


relative  efficiency  of  the 


tffootb.il  _  2*R"(d0)L  log  [  (?rn/L)/(^0/4)  ] 

tfstrip  WR'(^o) 


(25) 


2?rR"  (d0)  log  [(2rn/L)/(^0/4)] 

CM  - 

w 

since  R'(^0)  =«  L.  The  quantity  log  [  (2rm/L)/(d0/4)  ]  is  on  the  order  of  2 
to  5  in  our  geometry.  The  quantity  R'(d0)/W  is  of  the  order  of  5.  The 
relative  efficiency  is  therefore  on  the  order  of  60  to  160,  or,  about 
two  orders  of  magnitude  more  than  that  of  a  simple  solid  scatterer. 
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Let  us  consider  an  example  case  in  which  the  scatterer  and  absorber 
have  the  following  parameters: 

oc  -  1.7  x  10"28  cm2  (Klein-Ni_hina  cross  section8  for  scatter¬ 
ing  a  1.3  MeV  photon  to  1  MeV) 

R  -  100  cm  , 

e  -  29° 

g  -  the  source  radius  -  1  cm 
D  -  0 . 3  cm  , 

log  [ (2rm/L)/ (^j/4) ]  -  4  '  ,  and 

n  ~  1.9  x  io24  cm-3  (typical  value  for  In) 

The  normal  component  of  the  flux  at  the  absorber  calculated  from  Eq . 
(24)  is 


V>  -  9.7  x  10-7  photons/cm2  sec  keV  Bq  (26) 

Therefore,  a  6  kilocurie  ^Co  source  will  deliver  a  1  MeV  photon  flux  of 
2.2  x  108  photons /cm2  sec  keV  to  the  absorber.  These  are  the  1.33  MeV 
photons  scattered  through  an  angle  of  29° . 


Discussion  _ 

We  see  that  the  "  football  -  shaped"  scatterer  can  serve  as  a  mono¬ 
chromator  for  the  production  of  gamma  rays  with  an  energy  range  between 
the  maximum  energy  of  the  available  gamma  sources  and  those  energies 
obtained  by  the  crystal  diffraction  methods.  Although  the  football  has 
relatively  "slow  optics,"  it  is  the  best  tunable  gamma  source  available. 
One  drawback  is  that  by  contrast  to  the  strip  CSM,  the  football  lacks 
continuous  tunability.  For  each  source  -  absorber  combination,  a  differ¬ 
ent  arc  of  the  scatterer  must  be  used  for  each  value  of  energy.  We 
should  investigate  the  potential  for  continuous  tuning  by  inflating  a 
uniform,  expandable  ball  or  by  constructing  the  scatterer  from  elastic 
ribs  which  can  be  adjusted  at  the  poles.  Care  must  be  taken  to  insure  a 
circular  configuration,  perhaps  by  varying  the  thickness  of  the  sub¬ 
strate  material  holding  the  scatterer. 
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A  fast  shuttle  between  the  ball's  apex  and  a  shielded  detector 
would  enable  the  determination  of  gateway  levels  of  isomers  with 
half-lives  down  to  a  second.  With  high  specific  activity  sources  (e.g., 
140La)  and  optimization  (no  attempt  to  optimize  was  done  in  the  example 
given)  of  the  CSM  by  ray  tracing  and  Monte  Carlo  calculations,  we  hope 
to  increase  the  flux  by  at  least  an  order  of  magnitude. 
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